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Abstract 
Fusarium head blight (FHB), which is principally caused in the U.S. by Fusarium 
graminearum Schwabe [telemorph: Gibberella zeae Schw. (Petch)], is a devastating disease of 
wheat (Triticum aestivum L.) and barley (Horderum vulgare L.).  Losses inflicted by this disease 
are the result of reductions in grain yield and test weight, as well as the contamination of grain 
with the mycotoxin deoxynivalenol (DON).  In the first study, the objective was to identify 
quantitative trait loci (QTL) for resistance to FHB traits in the resistant line IL97-1828.   
Resistance to FHB in IL97-1828 is independent of the well characterized and widely used Asian 
sources.  A population consisting of 242 wheat recombinant inbred lines (RILs), developed from 
a cross between IL97-1828 and the FHB susceptible line Clark, were evaluated for FHB 
resistance in the field at Urbana, IL in 2009 and 2010, and at Wooster, OH in 2010.  The 
population had broad continuous distributions for all measured disease parameters (incidence, 
severity, FHB index, Fusarium damage kernels (FDK) percentage, DON concentration, and ISK 
index, which is a disease index that incorporates disease incidence, severity, and % FDK.   
Significantly less disease incidence was observed in 2009 than at both locations in 2010, and 
significantly lower FDK percentage was observed in Ohio compared to Urbana in 2010.  
Correlations among environments for disease measurements, while significant, were moderate to 
moderately weak (0.20< r <0.54).  Within an environment, disease measurements were also 
significantly correlated in all cases.  QTL for resistance to FHB were identified on seven linkage 
groups that mapped to six different chromosomes.  In all cases, QTL were minor explaining 
between 2.9% and 8.7% of the phenotypic variance.  No QTL were consistently identified across 
all three environments, and three of the detected QTL were only identified in a single 
environment for a single trait.  A region on chromosome 1B was the only region identified for 
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Type I resistance.  A QTL detected on chromosome 2B was significant for severity, FHB index, 
FDK percentage, and ISK index, and explained 8.7% of the phenotypic variance for the mean of 
ISK index averaged over environments.   The region on 2B was also identified for reduction in 
DON concentration in both years in Urbana, IL.  A QTL on the long arm of chromosome 3B was 
identified for severity, FHB index, FDK percentage, and ISK index, explaining the most 
phenotypic variance for ISK index at Urbana in 2009 (R
2
=7.72%).  Previous reports have 
identified QTL for FHB resistance in similar genomic regions as those identified in this study.  
The results of this study indicate several regions contributing small effects are important for 
resistance to FHB in IL97-1828.  
 In the second study, two different inoculation methods for the evaluation of FHB 
resistance were compared.  In one method, the spray and bag method, a bag was placed over 
wheat heads for 24 h that had been inoculated using a conidia suspension.  The second method, a 
grain spawn method, was used in which F. graminearum infested maize kernels were 
disseminated, and irrigation was used to provide favorable disease conditions.  The latter is a 
widely used and accepted method, which served as the standard with which the spray and bag 
method was compared.  Plots for the spray and bag method were evaluated for incidence, 
severity, and FHB index at a single location in Illinois in 2008, and at two locations (Urbana and 
Brownstown) in Illinois in 2010.  Plots inoculated with grain spawn were evaluated at a single 
location for both years for disease incidence, severity, FHB index, FDK percentage, and ISK 
index.  A subset of plots in 2010 were inoculated using only a conidia spray to evaluate the effect 
on FHB measurements of placing a bag over inoculated heads.  Spearman correlation 
coefficients in 2008 for entry means were significant (0.0018 < P < 0.0001) between the two 
methods in all cases with coefficients ranging from 0.41(incidence) to 0.83 (severity).  In 2010, 
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correlations were not as strong and ranged between 0.22 (incidence) and 0.54 (FHB index) for 
the two location mean of the spray and bag method and the grain spawn method.  Incidence was 
extremely high in 2010, especially in Brownstown (97.6%), possibly contributing to the weaker 
correlations between methods.  High disease pressure can potentially overwhelm resistance, 
making all lines appear susceptible regardless of resistance level.  Plots spray-inoculated without 
a bag correlated poorly with the grain spawn method, possibly due to disease escape.  Bagging of 
inoculated heads appears ideal in order to provide high relative humidity for disease 
development, similar to irrigation in the grain spawn method.  Decreasing the inoculum 
concentration and possibly the duration of bagging would potentially better separate breeding 
lines for FHB symptoms, especially incidence. Additionally, it could possibly improve 
correlations between methods. The results from this study indicate the spray and bag method 
could be used to screen advanced wheat breeding lines for FHB resistance. 
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CHAPTER 1 
LITERATURE REVIEW 
 
 
1.1 Introduction 
 Wheat (Triticum aestivum L.) is one of the most important crops worldwide with world 
production in 2008 exceeding 544 million metric tons.  In the U.S. during 2009, wheat was 
grown on over 24 million hectares, and in 2010 acreage declined to around 22 million hectares 
(USDA, 2010).  Production in 2008 totaled 54 million metric tons, making up approximately 
10% of the world supply.  In Illinois, wheat acreage was low in 2010 due to an extremely late 
corn and soybean harvest, but production in 2008 totaled over 1.6 million metric tons produced 
on 465 thousand hectares.  The majority of wheat goes to human consumption while a significant 
portion also goes to livestock feed (USDA, 2008).  Since wheat is such an important crop 
worldwide it is critical to protect production in order to maintain the supply that the world 
depends on for food and feed.    
 One of the threats to wheat production is Fusarium Head Blight (FHB), also known as 
scab, which is a destructive fungal disease of wheat and barley (Hordeum vulgare L.). FHB is 
principally caused in the United States by Fusarium graminearum Schwabe [telomorph: 
Gibberella zeae Schw. (Petch)], although it can be caused by many different Fusarium species 
(Schroeder and Christensen, 1963).  FHB affects most wheat and small grain cereal producing 
regions around the world (Parry et al., 1995).  FHB in China can be found in two-thirds of the 
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provinces and has been known to cause yield losses of 1 million metric tons (Bai and Shaner, 
2004). In the U.S., J.C. Arthur (1891) first documented the impact of this disease, citing an 
epidemic in Indiana that caused significant yield loss.  It has continued to be a problem in the 
U.S., and it is estimated that from 1991 to 1997 the total economic loss due to FHB reached $4.8 
billion (Bai and Shaner, 2004).  In addition, in the U.S. the threat from FHB has led to the 
development of the U.S. Wheat and Barley Scab Initiative (USWBSI), which is a collaborative 
research initiative with the goal of developing management and control strategies to reduce the 
devastating impact of this disease (http://www.scabusa.org). 
The losses caused by FHB result from reduced yield and test weight, and the 
contamination of grain with mycotoxins (Parry et al., 1995).  Reduced yield and test weight are 
the direct result of shriveled diseased kernels.  Shriveled kernels are sometimes referred to as 
“tombstone” kernels.  Tombstone kernels may be the result of direct kernel infection or indirect 
infection.  For instance, if infection spreads within the spike, the vascular tissue within the rachis 
may become clogged, resulting in premature ripening or death of the upper most portions of the 
head, thus giving way to shriveled kernels that were not the site of primary infection.   
While mycotoxin contamination does not result in a direct yield loss, it is of great 
concern because of the associated health risks.  F. graminearum produces primarily two 
mycotoxins, zearalenone and deoxynivalenol (DON), also known as vomitoxin.  These 
mycotoxins have been linked to feed refusal and toxicoses in livestock.  The U.S., Canada, and 
some European countries impose maximum acceptable limits of DON that can be present in 
wheat products.  In the U.S., the Food and Drug Administration (FDA) guideline for DON in 
wheat products is 1 ppm.  Some DON can be removed during milling depending upon the 
products being produced.  Mills often reject wheat with DON greater than 4 ppm.  Even if the 
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mycotoxin concentration is below the limit the grain may still be rejected in some markets or 
graded down and sold at a reduced price (Bai and Shaner, 1994; Bai and Shaner, 2004).  
Consequently, mycotoxins can have a negative economic impact in addition to losses caused by 
the disease through reduced yield and test weight.  
Symptoms for this devastating disease develop initially as brown water-soaked spots on 
the glumes and rachis.  Additionally, distinguishing pinkish mycelial growth can occur around 
the glumes during favorable humid conditions.  Pinkish mycelia may also be present on infected, 
tombstone kernels.  Symptoms commonly develop and can be seen as premature death or 
bleaching of spikelets giving rise to the characteristic scabby appearance.  The extent and 
severity of these symptoms and losses due to FHB depends on many aspects, including level of 
host susceptibility, environmental conditions, and inoculum density (Bai and Shaner, 1994; Parry 
et al., 1995).  
 F. graminearum, like many other Fusarium species, is able to survive on living or dead 
tissues of many hosts, including wheat, corn, barley, soybean, and rice.  Crop residue primarily 
provides the source of inoculum for FHB epidemics.  F. graminearum survives in these residues 
as macroconidia, chlamydospores, and hyphal fragments, which all can act as inoculum for FHB.  
Ascospores and macroconidia are considered to be the primary inoculum for epidemics.  
Perithecia are typically produced in the previous year‟s crop debris and serve as a source of 
inoculum for the next year.  For instance, wheat following corn can show significantly higher 
disease levels as a result of perithecia produced by Giberella zeae, which causes a stalk and ear 
rot of corn.  Conservation tillage has also been associated with higher disease levels as the 
previous year‟s crop debris remains a reservoir for inoculum (Bai and Shaner, 1994). 
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 Primary inoculum is produced during periods of warm, humid conditions in the spring 
(Bai and Shaner, 2004).  These conditions promote perithecial development in crop residue on 
the soil surface.  The airborne inoculum is deposited on wheat spikelets, after which the spores 
will germinate and infect host tissue if conditions are favorable.  Favorable conditions for FHB 
development include extended periods of warm and moist weather during anthesis (Parry et al., 
1995).  FHB infection can occur at any point after anthesis up to the soft dough stage (Bai and 
Shaner, 2004).  Arthur (1891) observed increased susceptibility during anthesis and Atanasoff 
(1920) later confirmed it experimentally.   
FHB infection may occur on an isolated floret or on several florets of the same spike.  
Multiple infected florets on the same head may be a result of multiple primary infection sites or 
the spread of the fungus in the spike.  The spread of the fungus within the spike most often 
occurs through vascular bundles in the rachis.  This also leads to the apparent premature ripening 
of apical florets and the symptomatic browning appearance of diseased spikes (Bushnell et al., 
2003).     
Control and management of losses caused by FHB requires an integrated approach.  A 
single control strategy is often not sufficient at obtaining adequate control.  FHB control 
strategies consist of cultural and chemical techniques as well as the use of host resistance.  The 
strategies are aimed at decreasing primary inoculum, preventing the spread of inoculm and 
preventing FHB infection should inoculum be present (Parry et al., 1995).   
Cultural control practices are mostly aimed at reducing primary inoculum that may be 
present in residue on the soil surface.  One such strategy is crop rotation.  Latta et al. (1891) first 
noted that wheat grown continuously or in rotation with corn had significantly higher FHB 
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severity.  The reason for this being that both wheat and corn are hosts for the principal pathogen 
F. graminearum, which leads to increased levels of inoculum and perithecial development in 
crop residues.  Another cultural approach to FHB control, tillage, is also focused on suppression 
of primary inoculm production through residue reduction.  Tillage is an effective FHB control as 
it increases the breakdown and decomposition rate of residue, which is the reservoir for 
inoculum.  It has been noted that reduced tillage, or conservation tillage, leads to increased 
inoculum levels present at the soil surface (Teich and Hamilton, 1985).  While cultural strategies 
can be effective at reducing inoculum levels, they alone do not provide adequate control. 
In addition to cultural practices, chemical control methods, specifically the use of 
fungicides, may be employed; however, studies on the use of fungicide as a means of FHB 
control have yielded inconsistent results (Parry et al., 1995).  Problems and challenges associated 
with fungicide use as a control measure include cost of treatment, critical timing of application 
and incomplete control, which ultimately make this strategy less appealing to growers (Bai and 
Shaner, 1994).  Also, even if there is control of FHB, the fungicide application may not reduce 
mycotoxin levels to tolerable amounts, and there is not always a direct relationship between 
mycotoxin concentration and disease reduction (Parry et al., 1995).  Nevertheless, recent studies 
show promise in the use of fungicides as a control measure.  For instance, the active ingredient 
tebuconazole has been shown in multiple studies to effectively reduce FHB symptoms (Haeuser-
Hahn et al., 2008; Ioos et al., 2005; Mesterhazy et al., 2003; Paul et al., 2007; Paul et al., 2008).  
The last control strategy is the planting of resistant cultivars.  Arthur (1891) was the first 
to observe differences in susceptibility to FHB among cultivars.  Since then, there has been 
considerable effort devoted to evaluating cultivars and breeding for resistance to FHB.  As a 
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result, host resistance has become a primary control strategy and is very important in reducing 
losses caused by FHB (Bai and Shaner, 1994).   
Schroeder and Christensen (1963) were the first to classify different resistance types.  
They proposed two mechanisms of host resistance, Type I, the host‟s ability to resist initial 
infection and Type II, the ability of the host to resist the spread of the disease in the spike.  
Additionally, three more types of resistance have been described: Type III, resistance to kernel 
infection, Type IV, yield tolerance, and Type V resistance to the accumulation of mycotoxins 
(Mesterhazy, 1995; Miller et al., 1985). The five types of host responses are considered active 
resistance as they include a plant‟s physiological response.  In contrast to physiological 
resistance there have been correlations of FHB resistance to flowering morphology.  This type of 
resistance is considered passive and results in the plant avoiding or escaping infection.  Studies 
have shown that this type of resistance is not consistent across years or environments and can 
confound results when trying to quantify physiological resistance among cultivars (Kolb et al., 
2001; Parry et al., 1995).   
Evaluating FHB resistance is often not possible by natural infection as disease levels 
across years are very inconsistent.  Also, FHB can be absent completely depending on 
environmental conditions (Mesterhazy, 2003).  As a result, inoculation techniques have been 
developed to quantify resistance and to screen breeding material for FHB resistance.  With one 
technique, the grain spawn method, infected grain is spread on the soil surface.  In this method, 
mist irrigation is used to keep humidity levels high to promote perithecial and inoculum 
development.  This type of inoculation simulates natural infection and can be used to evaluate all 
types of resistance (Bai and Shaner, 1994).  This method also has benefits of convenience, low 
cost, and large scale applicability.  Additionally with this method, inoculum is produced over a 
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period of time and not limited to a single event as is the case of conidial spray or point-
inoculation (Dill-Macky, 2003); however, morphological features may lead to disease escapes 
and environmental conditions affecting inoculum production may hinder results obtained with 
this method.   
Another inoculation method, point-inoculation or needle inoculation, measures 
principally Type II resistance, resistance to the spread of the disease within the spike.  Point-
inoculation involves inoculating one spikelet per head and measuring the spread of the disease 
within the head.  This ensures equal amount of inoculum across cultivars and reduces the chance 
of disease escape.  In wheat, Type II resistance has been considered the most stable of the 
resistance types and is thought to give a reliable indication of a cultivar‟s resistance (Bai and 
Shaner, 1996; Schroeder and Christensen, 1963).  A third type of artificial inoculation involves 
spraying a conidial suspension on heads beginning at anthesis.  Plots are sprayed multiple times, 
or in order by heading date, to prevent disease escapes (Dill-Macky, 2003).  Similar to the grain-
spawn method, the establishment of an irrigation system to promote favorable conditions for 
disease development is necessary when performed in the field.  Furthermore, this method still 
requires a large amount of resources (i.e. time and labor) around the time of flowering.  Different 
methods of maintaining high relative humidity post-inoculation are employed.  With the grain 
spawn method and conidia spray in the field, mist irrigation provides elevated humidity.  In the 
greenhouse with point-inoculation or conidia spray, genotypes are typically placed in a mist 
chamber for a period to provide favorable disease conditions.  Bagging of inoculated heads has 
also been used (Mesterhazy et al., 1999). 
The type of inoculum varies among the different inoculation techniques.  Ascospores act 
as the primary inoculum produced with the grain-spawn method, while, macroconidia are the 
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primary inoculum in both the point-inoculation and conidia spray (Dill-Macky, 2003).  Stack 
(1989) reported that the infection ability of ascospores and conidia were quantitatively similar 
and either inoculum type would be suitable for inoculation.    
It is also worthy to note during the production of inoculum, the use of a mixture of 
pathogenic isolates is recommended.  While FHB is caused by a complex of pathogens there is 
no known host-pathogen specificity.  As a result, the selection of resistance under a single highly 
pathogenic isolate should provide common resistance to other FHB causing Fusarium spp. in 
wheat (Mesterhazy, 2005).  Despite not being any host-pathogen specificity present among FHB 
causing Fusarium species, varying pathogenicity among isolates can exist.  Isolates tend to lose 
their ability to produce spores and form mycelia when maintained in culture through transfer 
techniques.  Thus, it is recommended to obtain fresh isolates and use a mixture of aggressive 
isolates when producing inoculum (Dill-Macky, 2003).   
Evaluation typically occurs 18-21 days after inoculation (Bai and Shaner, 1996).  In the 
point-inoculation method, resistance is rated by severity, which is the percentage of diseased 
spikelets.  If data are collected over multiple time periods post-inoculation, area under the 
disease progress curve (AUDPC) can be calculated giving an indication of the responses of 
cultivars during disease development; however, Bai and Shaner (1996) found that rating 21 days 
after inoculation yielded similar results to the AUDPCs.  Thus, it might be beneficial from a time 
and resource perspective to assess disease levels at 21 days post-inoculation.  Using the grain-
spawn method, both incidence, which is the percentage of heads that exhibit disease symptoms, 
and severity scores are necessary for rating the two types of resistance (Bai and Shaner, 1994).  
In addition to incidence and severity, FHB index, a disease index calculated as ((incidence × 
severity)/100), is used by breeders to aid the selection of resistant lines.  Measurements used to 
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evaluate tolerance can include yield and test weight.  Furthermore, after harvest a visual estimate 
of the percentage of tombstone and shriveled kernels, known as Fusarium damaged kernels 
(FDK), has been used to evaluate resistance to kernel infection.  DON concentration can be 
calculated accurately using mass spectrometry or gas chromatography and is also of great 
interest to breeders and researchers (Dill-Macky, 2003).    
Breeding for FHB resistance has been a major priority of breeding programs in China 
since the 1970s (Bai and Shaner, 1994).  The Chinese land race Wangshubai has a high level of 
resistance but has unfavorable agronomic traits (Bai and Shaner, 2004).  Sumai 3 and its Ning 
derivatives from China are arguably the most widely used sources of resistance in wheat 
breeding programs worldwide.  The Sumai 3 source of resistance has proven to be stable, 
heritable and consistent across environments.  However, Sumai‟s association with susceptibility 
to other diseases and other unfavorable agronomic characteristics make it less appealing as a 
source of resistance (Rudd et al., 2001).  Ning 7840 and several other breeding lines carrying the 
Sumai 3 genes for FHB resistance have also been used as parents.  Other sources of resistance 
include the Brazilian lines Frontana and Encruzhilada (Bai and Shaner, 2004).  Additionally in 
the U.S., cultivars Ernie, Truman, Bess and Freedom have been used as resistance sources in 
breeding programs.  Also, breeders have found many sources of resistance in their own elite 
germplasm that are independent of the Asian sources.  These lines are very attractive for breeders 
as they tend to be more agronomically adapted (Rudd et al., 2001).    
Bai and Shaner (2004) reported that studies aiming to resolve the genetic control of FHB 
resistance have produced mixed results.  Resistance has been reported to be polygenic and 
oligogenic with relatively high heritability.  Also, FHB is under primarily additive gene action, 
but non-additive effects are often significant.  The quantitative nature thus presents challenges 
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when trying to improve FHB resistance in populations.  Kolb et al. (2001) provided potential 
reasons for the inconsistency of studies looking at the genetic control of FHB including varying 
genetic backgrounds, different resistance sources, susceptible parents contributing resistance 
QTLs, various inoculation methods employed, and heterogeneous resistant parental sources.  
Current approaches to breeding for resistance include conventional phenotypic selection, 
marker assisted selection (MAS), and transformation of resistance genes.  The latter of these 
three provides long-term prospects if certain challenges can be overcome, but currently this 
technique, while promising, has not been refined and effectively deployed (Muehlbauer and 
Bushnell, 2003).  A second strategy for improving cultivar resistance, conventional breeding 
techniques, has been and continues to be successful in breeding programs around the world.  The 
quantitative nature of inheritance, the large genotype by environment interaction, laborious and 
arduous phenotyping procedures, and the poor agronomic qualities associated with resistance 
sources provide challenges.  Nevertheless, this method remains an effective means of increasing 
resistance levels.    
With the onset of DNA-based markers in the last two decades came a new method of 
introducing and managing genetic diversity in a breeding program.  Marker-assisted selection 
(MAS) provides another tool for breeders to use in conjunction with conventional techniques.  
Marker technology provides a means of elucidating the genes or QTL underlying control for 
FHB resistance and can then aid in their rapid integration into elite material.  DNA markers 
applied in a breeding program will provide the means of rapidly screening segregating 
populations for resistance alleles (Landjeva et al., 2007).  In addition, it will provide a means of 
stacking or pyramiding genes for multiple types of resistance (e.g. Type I and Type II resistance 
to FHB). Also, breeders will be able to select and combine multiple sources of resistance.  Due to 
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the quantitative nature of FHB resistance, markers will become an increasingly important tool in 
improving resistance.  Recently, in a study comparing MAS and phenotypic selection for FHB 
resistance, Meidaner et al. (2009) concluded that MAS in conjunction with traditional phenotypic 
selection may be the most efficient means of increasing resistance.   
Several marker technologies and platforms have been developed over the last couple 
decades.  These include: restriction fragment length polymorphism (RFLP), amplified fragment 
length polymorphism (AFLP), random amplified polymorphic DNA (RAPD), simple sequence 
repeats (SSR) or microsatellites, single nucleotide polymorphism (SNP), and most recently 
Diversity Array Technology (DArT) (Bolstein et al., 1980; Chee et al., 1996; Jaccoud et al., 
2001; Vos et al., 1995; Weber and May, 1989; Williams et al., 1990) .  Some of these 
technologies are constrained by the use of gel electrophoresis (e.g. SSR) and while this can be 
overcome through equipment such as highly parallel capillary electrophoresis the cost remains a 
significant problem when assaying large numbers of markers.  In species where adequate 
sequence information is available, SNPs can be used as a high-throughput means of genotyping; 
however, in wheat, sequence information is limited, and the polypoid nature of the hexaploid 
wheat genome still produces challenges when applying SNP markers (Akbari et al., 2006).  
High-throughput SNP platforms are being developed.  For instance, the Illumina GoldenGate 
assay was recently applied to genotyping in wheat, but heterozygosity within bi-parental 
mapping populations presently presents challenges for making reliable genotype calls (Akhunov 
et al., 2009).  Another high-throughput platform, DArT, has been developed for genotyping in 
wheat.  Initially, DArT was developed in rice, which has a relatively small diploid genome 
(Jaccoud et al., 2001).  It was further validated in the model plant Arabidopsis (Wittenberg et al., 
2005).  Later it was validated for use in barley, a large diploid genome, and wheat, a large 
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polyploid genome (Akbari et al., 2006; Jaccoud et al., 2001; Wenzl et al., 2006).  DArT uses a 
microarray platform to simultaneously type thousands of loci.  DArT detects the presence versus 
absence of a particular clone in a genomic representation through the use of fluorescence signals.  
The genomic representation is created from genomic DNA through an optimized complexity 
reduction method using restriction endonucleases.  As a result of the parallel nature, DArT has 
the capability to be a high-throughput, cost-effective means of genetic marker analysis without 
any required sequence information (Jaccoud et al., 2001).    
Buerstmayr et al. (2009) summarized the findings of 52 FHB QTL studies in a recent 
review.  The summarized studies have identified QTL for FHB resistance on every chromosome 
except 7D.  The most stable and consistent QTL identified to date are the 3BS locus that has 
been called Fhb1, found in Sumai 3 and its derivatives, the 5AS, and 6BS loci (Buerstmayr et al., 
2009).   
The quantitative nature of FHB resistance, the large environmental variation that occurs 
with FHB resistance and phenotyping difficulties make this trait an ideal candidate for MAS; 
however, these aspects also make it difficult to implement MAS effectively.   New breeding 
technologies (e.g. Marker-assisted recurrent selection and genomic selection) coupled with high 
density and high throughput marker platforms provide breeders with a positive outlook for 
increasing future genetic gains. As more QTL are identified, additional efficient marker 
platforms are developed, and our understanding of the genetic architecture and interaction of the 
genome continues to improve, MAS will become an increasingly important tool in the 
development of resistant cultivars.  
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CHAPTER 2 
QUANTITATIVE TRAIT LOCI ASSOCIATED WITH FUSARIUM HEAD BLIGHT 
RESISTANCE IN WHEAT 
 
2.1 Introduction 
 Fusarium head blight (FHB), also known as scab, is a destructive fungal disease of wheat 
(Triticum aestivum L.) and other small grains, and principally caused in the United States by 
Fusarium graminearum Schwabe [telomorph: Gibberella zeae Schw. (Petch)], although it can be 
caused by several Fusarium species (Schroeder and Christensen, 1963).   Economic losses due to 
FHB stem from reduction in yield and grain quality, as well as from the contamination of grain 
with mycotoxins.  While cultural and chemical control methods, such as tillage, crop rotation, 
and fungicide application, can reduce disease symptoms, they are not entirely effective at 
eliminating losses caused by FHB.  Plant host resistance remains both a practical and an effective 
means for reducing economic losses caused by FHB.   Resistance to FHB can be classified into 
at least two distinct types; Type I, the resistance to initial infection and Type II, resistance to the 
spread of the disease within the spike (Schroeder and Christensen, 1963).   Three other types of 
resistance have been proposed; resistance to kernel damage, resistance to DON accumulation, 
and yield tolerance (Mesterhazy, 1995; Miller et al., 1985).   
Asian sources of resistance are the most widely used and characterized.  „Sumai 3‟, „Ning 
7840‟, and their derivatives are arguably the most widely used resistance sources in wheat 
breeding programs (Rudd et al., 2001).  These lines display good Type II resistance to FHB 
(Buerstmayr et al., 2009).  Additional sources of resistance, independent of the Asian sources 
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have been identified such as the Brazilian line „Frontana‟ (Steiner et al., 2004), and several 
European sources such as „Arina‟ (Paillard et al., 2004) and „Dream‟ (Schmolke et al., 2005).  In 
the eastern U.S., several lines have been developed with published reports of FHB resistance that 
lack the Asian 3BS allele, including, „Freedom‟ (Gooding et al., 1997), „Goldfield‟ (Ohm et al., 
2000), „Ernie‟ (Mckendry et al., 1995), „Roane‟ (Griffey et al., 2001), and „Truman‟ (McKendry 
et al., 2005). In addition to these sources, many wheat breeding programs have resistance sources 
in their own elite breeding material (Rudd et al., 2001).  Using these sources, conventional 
breeding techniques have yielded considerable progress in increasing host resistance.   While 
improving resistance using conventional methods has been successful, the quantitative nature of 
inheritance, the laborious phenotyping procedures, the large genotype by environment 
interaction, and the poor agronomic characteristics that can be associated with resistance sources 
provide challenges and can make progress difficult (Badea et al., 2008). 
The onset of molecular marker technology in the last two decades has given breeders an 
additional tool to help increase genetic gain.  Molecular markers aim to better manage and 
harness the genetic diversity present within a breeding program (Landjeva et al., 2007).  Various 
marker analysis methods have been developed over the last 25 years.  Most of these marker 
systems are limited by either their dependence upon gel electrophoresis or required sequence 
information.  Recently, a new marker platform, Diversity Array Technology or DArT, was 
developed for use in rice and has now been performed successfully in at least 19 other crop 
species (Akbari et al., 2006; Jaccoud et al., 2001).  DArT has the high-throughput advantages 
similar to single nucleotide polymorphism (SNP) platforms, but DArT does not require sequence 
information.  DArT analyzes the presence versus absence of a particular clone on a generated 
genomic representation from amplified restriction fragments.  DArT utilizes a microarray 
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platform to simultaneously type several thousand loci in parallel, resulting in a high-throughput, 
cost effective means of genome analysis (Jaccoud et al., 2001).  DArT markers have been shown 
to be reliable, quality markers.  Wenzl et al. (2006) reported a 99.1% concordance among 788 
DArT markers in wheat.  When validated in Arabidopsis, a 99.8% reproducibility was reported 
(Wittenberg et al., 2005).  DArT reliability compares well to the widely used simple sequence 
repeat markers that have a reported reproducibility of between 89.5% and 98.8% (Wenzl et al., 
2006).  DArT markers also integrate easily into genetic maps.   
In this study we used a biparental recombinant inbred line (RIL) mapping population 
derived from a resistant × susceptible cross (IL97-1828 × Clark).  Genetically characterizing 
resistance within IL97-1828 is of particular interest because it is an uncharacterized native 
source of resistance, independent of the Asian sources.  IL97-1828 displays both Type I and 
Type II resistance and good kernel rating under high disease pressure in the field.  The objective 
of this study was to identify FHB resistance QTL present in IL97-1828.  As a result of its cost 
efficiency, high-throughput capabilities, and large number of markers available, DArT markers 
will act as the principal means of genotyping for this study.  Identifying resistance QTL in IL97-
1828 will aid in combining QTL from multiple resistance types (e.g. Type I and Type II) and 
multiple resistance sources (e.g. Asian and native).  Pyramiding resistance alleles from different 
sources and different resistant types will further improve host resistance, the primary control 
method for FHB, thus leading to better prevention of losses caused by this devastating disease.  
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2.2 Materials and Methods 
Plant material 
The mapping population consisted of 242 F5:6 recombinant inbred lines derived from a 
cross of the resistant line IL97-1828 (PioW549/PioW558//P79404G1-26-2/3/P81131-16-2-1-2-3-
3) and the susceptible cultivar „Clark‟ („Beau‟//665256A1-8-1/67137B5-
16/4/„Sullivan‟/3/„Beau‟5517B8-5-3-3/„Logan‟) (Ohm et al., 1988).  IL97-1828 possesses good 
resistance to field symptoms of FHB as well as good kernel quality under high disease pressure.  
The resistance in IL97-1828 is thought to be independent of the Asian sources of resistance and 
does not possess the 3BS locus. The cross was made in the greenhouse in January of 2005.  In 
the fall of 2005, F1 plants were grown in the greenhouse.  Generations were advanced to F5 by 
single seed descent.  One generation of seed increase occurred in the greenhouse in the spring of 
2008, and in the fall, F5:6 seeds were planted in the field at the University of Illinois at Urbana-
Champaign Crop Science Research and Education Center in Urbana, IL for both seed increase 
and FHB evaluation.  In 2009, F5:7 seeds were planted at two locations; Urbana, IL and at the 
Snyder farm of the Ohio Agricultural Research and Development Center (OARDC) near 
Wooster, OH.  In Urbana, IL three resistant checks were used, Ernie, IL97-6755, and IL00-8061.  
In Ohio, IL02-18228 and Truman were used as resistant checks in addition to the three lines used 
in Urbana.  A single susceptible check, Pio 25R47 was used in Wooster, OH.  The field 
experimental design was a randomized complete block with two replications, and plots consisted 
of a single row approximately 1m in length.   
FHB Inoculation and Disease Evaluation 
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In Urbana, IL plots were inoculated with Fusarium graminearum through the use of a 
grain spawn inoculation method.  To prepare grain spawn, agar plugs of a mixture of 10 different 
isolates of F. graminearum were placed in carboxymethyl-cellulose liquid media, similar to a 
method described by Tuite (1969), and allowed to grow and sporulate under light.  The isolates 
were obtained from several locations in Illinois from the years 2000- 2008.  After five days, 
concentrated conidial suspensions were poured over autoclaved grain and allowed to colonize.  
Colonized grain was dried and stored until dissemination.  In the field, corn stalks were placed 
between rows during the fall to add additional inoculum.  Two to four weeks prior to anthesis, 
grain spawn was disseminated at a rate of 287 kg ha
-1
.  After dissemination, mist irrigation was 
used to maintain high moisture in order to promote perithecial and disease development.  Plots 
were misted until two weeks after the last genotype flowered.  Azoxystrobin (Quadris
®
; 
Syngenta Crop Protection, Greensboro, NC) was sprayed at a rate of 0.04 Kg a.i. ha
-1
 at Feekes 
growth stage 8.0-9.0 to prevent infection by Stagonospora nodorum and Puccinia graminis. The 
application of azoxystrobin occured early enough so as not to affect FHB infection.  Lambda-
cyhalothrin (Warrior
®
; Syngenta Crop Protection, Greensboro, NC) insecticide was also sprayed 
(0.006 Kg a.i. ha
-1
) in the fall and spring to control aphids that vector Barley yellow dwarf virus.   
In Ohio, plots were inoculated according to methods described by Sneller et al. (2010) 
with some slight differences.  Grain spawn was prepared from sterilized maize grain, using 
freshly prepared cultures.  A mixture of five F. graminearum isolates colonized petri plates 
containing malt extract agar (Fisher Scientific, Pittsburgh, PA) with streptomycin sulfate (0.3 g 
L
-1
).  Cultures were incubated for seven days at room temperature under a 12 h photoperiod.  
Sterilized grain was inoculated using the prepared cultures at a concentration of one petri plate 
per 1.5 L of grain.  The fungus was allowed to colonize the grain for approximately two weeks.  
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Grain spawn was disseminated at a rate of 360 kg ha
-1
 three weeks before anthesis.  A 
macroconidia solution was also sprayed on plots at a concentration of 25,000 conidia mL
-1
.  
Conidia were sprayed every five days starting three days after heading of the earliest genotype 
through heading of the latest flowering genotype using a backpack sprayer calibrated to deliver 
25 mL ft
-1
 from three nozzles covering four rows at 30 p.s.i.  Following broadcast of grain 
spawn, plots were misted intermittently for 2 min every 10 min for two hours, twice a day until 
three days after the latest flowering line reached anthesis. 
Disease incidence, a visual estimate of the percentage of infected heads, and disease 
severity ratings, a mean of at least seven visual evaluations of the number of infected spikelets 
per head, were recorded approximately one month after heading date for all plots.  Also, after 
harvest, kernel quality evaluations were assessed by visually estimating percentage of Fusarium 
damaged kernels (FDK) by comparing to known standards.  In addition, FHB index, a disease 
index used to determine the percentage of disease spikelets, was calculated as (incidence × 
severity)/100, and ISK index, a disease index weighted for FDK percentage, was calculated as 
0.3 × incidence + 0.3 × severity + 0.4 × FDK.  Grain samples were also sent to the University of 
Minnesota (Dr. Yanhong Dong, Department of Plant Pathology) for quantification of 
deoxynivalenol (DON) concentration.  DON concentration data were obtained for both years in 
Urbana, IL.  Grain samples from Wooster, OH were sent for DON analysis, but data were not 
received in time to include in analysis. 
DNA Marker Analysis 
 Tissue was harvested from F5:6 seedlings in the greenhouse and lyophilized.  DNA was 
isolated from lyophilized tissue using a modified CTAB extraction protocol similar to Saghai-
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Maroof et al. (1984).  DNA samples from the 242 RILs and two parents were quantified, diluted, 
and sent to Triticarte Pty. Ltd. (Cranberra, Australia; http://www.tricarte.com.au) for genome 
profiling using DArT markers.   Analysis was performed as described by Wenzl et al. (2006) and 
Akbari et al. (2006).   Samples underwent an optimized genomic reduction using two restriction 
endonucleases and spotted onto a microarray slide.  They were screened for polymorphism using 
fluorescence signal detection and scored across all polymorphic loci.  After QTL analysis, 
polymorphic simple sequence repeat (SSR) markers were chosen to screen the RIL population in 
order to better anchor linkage groups where putative QTL were located on the wheat consensus 
map.  Parent screening of SSR markers was performed at the University of Illinois Urbana-
Champaign, and at the USDA-ARS Eastern Regional Small Grains Genotyping Laboratory in 
Raleigh, NC.  At the University of Illinois, polymerase chain reaction (PCR) similar to Röder et 
al. (1998) was used to amplify marker regions and PCR products were separated using 6% 
polyacrylamide gel electrophoresis.   After staining with ethidium bromide, UV light was used to 
visualize markers. A total of 16 SSR markers and 214 DArT markers were used for subsequent 
analysis of the population. 
Linkage Map Construction and QTL identification  
 Joinmap 3.0 (Van Ooijen and Voorrips, 2001) was used to construct a linkage map with a 
logarithm of odds (LOD) score of 5.0 to group linked markers, and 34 linkage groups were 
formed from the 214 DArT and the 16 SSR markers; 40 DArT markers remained unlinked.  
Linkage groups were assigned to chromosomes using GrainGenes 2.0 
(http://wheat.pw.usda.gov), the various wheat consensus maps (Roder et al., 1998; Somers et al., 
2004; Song et al., 2005), maps that have incorporated DArTs (Akbari et al., 2006; Francki et al., 
2009; Semagn et al., 2006), and map data aligned by Triticarte Pty Ltd. (Cranberra, Australia; 
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http://www.tricarte.com.au).  QTL analysis was done with composite interval mapping (CIM) 
using PlabQTL (Utz and Melchinger, 2003).  The LOD threshold was set at 3.0 for all traits after 
it was found that the 5% genome wide threshold ranged from 2.62 to 2.98 based on 1000 
permutations.  A significant LOD score at 10% was set at 2.7.  PlabQTL was also used to 
calculate R
2
 values and additive effects of significant QTL. 
Statistical Analysis  
 Analysis of variance (ANOVA) for the phenotypic data was performed using PROC 
MIXED of SAS
®
 v9.2 (SAS Institute Inc, 2008).  PROC UNIVARIATE NORMAL PLOT was 
used to evaluate residual normality, to confirm ANOVA assumptions and to asses homogeneity 
of error variance across years and locations.  Data for disease incidence, severity, FHB index, 
FDK percentage, and ISK index were combined across years and locations.  DON concentration 
was not combined across years due to the heterogeneity of variance.  The statistical model used 
to analyze individual locations consisted of replication, RIL, and the random experimental error 
term.  The statistical model for combined years and locations consisted of environment, which 
was considered as a year and location combination, replication, RIL, RIL × environment 
interaction, and the random experimental error term.  All terms in the models were considered as 
random effects.  Best linear unbiased predictor (BLUP) estimates were obtained using the 
ESTIMATE command within PROC MIXED to determine whether locations within 2010 were 
different and whether years were significantly different for disease measurements.  Variance 
component estimates were obtained from ANOVA to calculate broad-sense heritability 
estimates.  Heritability estimates were calculated as [σ2RIL / σ
2
RIL +( σ
2
RIL×year/n) + σ
2
err/(n × y)] 
for disease measurements across years and locations.  According to Knapp et al. (1985), 90% 
confidence limits for heritability estimates were calculated.  Pearson correlation coefficients for 
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traits were calculated using PROC CORR.  Data were pooled across years for disease 
measurements with the exception of DON concentration, which was calculated on an individual 
year basis.   
 
2.3 Results 
Phenotypic FHB evaluations 
 All measured disease traits – incidence, severity, FHB index, FDK percentage and ISK 
index – showed broad continuous distributions with the two parent means at opposite ends of the 
distribution, which is expected for a population derived from a resistant × susceptible biparental 
cross (Figures 2.1- 2.5).  DON concentration for this population also showed continuous 
distribution for the two years of data from samples collected in Urbana, IL (Figures 2.6, 2.7).   
Variance for DON concentration between the two years was heterogeneous and thus DON was 
analyzed on an individual year basis.  Incidence was significantly lower (P = 0.0014) in 2009 
than in 2010 (Table 2.1); however, locations in 2010 were not significantly different.  Severity, 
FHB index, and ISK index across years and locations were not significantly different.  
Additionally, FDK percentage for the population was not significantly different between the two 
years, but in 2010 FDK percentage in Urbana (43.5%) was significantly (P =0.0253) higher than 
in Wooster (29.4%).  IL 97-1828 (67.5%) had lower incidence compared to the susceptible 
parent Clark (91.9%) over the two years.  Additionally, the two parents exhibited vastly different 
severity across the two years, 33.5% (IL97-1828) compared to 71.5% (Clark).  This trend of 
IL97-1828 showing lower symptoms continued through all measured disease traits; however, 
DON levels for IL97-1828 compared to Clark were not as large (Table 2.1).  The mean of the 
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resistant check lines compared to the susceptible parent Clark was lower for all disease traits 
with the exception of DON concentration in 2010.   
 Broad-sense heritability estimates ranged from 0.44 to 0.68 (Table 2.1).  The lowest 
heritability was for incidence (0.44), while the highest observed heritability was for DON in 
2009 and in 2010 (0.68).  Heritability estimates for FHB index and ISK index were 0.64 and 
0.67, respectively.  Severity had a heritability estimate of 0.55, and FDK percentage had an 
estimate of 0.64.   
 Pearson correlation coefficients for phenotypic disease traits averaged across years and 
locations were significant at P <.0001 in all cases (Table 2.2).  Incidence was moderately 
correlated with severity (r =0.67).  Incidence and severity were both moderately correlated to 
FDK percentage with correlation coefficients of 0.57 and 0.59, respectively.  FDK percentage 
had a correlation of 0.58 and 0.44 with DON in 2009 and 2010.  FDK percentage also had a 
moderate linear relationship with FHB index (r=0.64).  DON concentration in 2009 and 2010 
had its highest correlation with ISK index (r=0.57 and r=0.44).  Also, DON in 2010 correlated at 
a value of 0.44 with FDK percentage.   
QTL analysis 
 At least one significant QTL was detected for all disease traits (Table 2.3).  LOD graphs 
for linkage groups where significant QTL were located are presented in Appendix A, with the 
exception of QTL for chromosome 1D as the linkage group only contained two closely linked 
markers. Additionally, LOD graphs for QTL significant at α=0.1 are not presented.  In Urbana, 
significant QTL were detected for all disease traits in both years individually and for the 2-year 
mean with the exception of incidence in 2010.  In contrast, only a single significant QTL for 
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incidence was detected in Wooster, OH. Significant QTL mapped to six different chromosomes, 
1A, 1B, 1D, 2B, 3B, and 4A.  Three QTL were significant in only one environment. In all cases 
detected QTL alleles came from IL97-1828 and were minor, explaining from 3.35% to 8.70% of 
the phenotypic variance.  When lowering the critical LOD value from 3.0 (α=.05) to 2.7 (α=.10) 
an additional eight QTL were significant; however, the additional QTL were either significant in 
a different environment, or for a different disease parameter (i.e. there were no new regions 
identified when lowering the critical LOD) (Table 2.3).   
 Only a single region on 1B was associated with Type I resistance, measured by 
incidence; however, depending on the environment it was linked to different markers.  In Urbana 
in 2009, the 2-year Urbana mean, and the environmental mean, the QTL was linked to DArT 
marker wPt-668069 and explained 4.60% to 6.20% of the phenotypic variance.  DArT marker 
wPt-668069 was approximately 13cM away from SSR marker gwm273.  QTL on 1B were 
detected for all traits in at least one environment with the exception of DON.  QTL associated 
with Type II resistance, resistance to the spread of the disease within the spike, were detected on 
four separate chromosomes.  With regard to severity, the QTL on 3B was only significant for the 
2-year Urbana mean, and only explained 3.35% of the phenotypic variance.  Additionally, the 
QTL on 4A associated with severity was only detected in Urbana in 2009.  About 11% of the 
phenotypic variance was explained by the two QTL combined for the mean across the three 
environments.   
 Three markers were significant for FDK percentage in Urbana 2009. These QTL mapped 
to 2B and 3B and explained a combined 13% of the phenotypic variance.  The two QTL on 3B 
were linked to markers on separate linkage groups that both mapped to chromosome 3B.  Two 
QTL for FDK percentage were detected for the mean across environments, and were located on 
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chromosome 2B and 3B. Each of these QTL explained approximately 7% of the phenotypic 
variance.  The QTL on 2B were linked to two different markers depending on the environment.  
Urbana in 2010 the linked marker was wPt-665550, while in Urbana in 2010 it was linked 35cM 
away from wPt-665550 to marker wPt-4199.  Marker wPt-4199 was approximately 30cM from 
SSR marker wmc474 in the linkage map constructed from the population.  Additionally, wPt-
4199 is closely linked to wPt-0473, which is approximately 7cM away from SSR marker 
wmc332 according to data aligned by Triticarte Pty Ltd. QTL detected for the disease indices – 
FHB index and ISK index – were previously detected in at least one of their components (i.e. 
incidence or severity for FHB index and incidence, severity, or FDK for ISK index) in all cases 
with the exception of a QTL on 1D for ISK index in Urbana in 2010.  Percent phenotypic 
variance explained by significant QTL associated with FHB index and ISK index ranged from 
3.05% for the QTL associated with FHB index on 3B for the 2-year Urbana mean to 8.7% for the 
QTL associated with ISK index on 2B detected in the mean across the three environments.  
 A QTL found located on chromosome 2B for reduction in DON concentration in Urbana 
explained 4.5% and 6.5% of the phenotypic variance in 2009 and 2010.  The QTL was linked to 
the same marker as the QTL found on 2B for severity, FHB index, FDK, and ISK index in the 
various environments analyzed.   
  
2.4 Discussion 
  Phenotypic disease measurements showed broad  and continuous distributions for all 
measured disease traits, which is in agreement with previous reports that host plant resistance to 
Fusarium head blight is multigenic  (Buerstmayr et al., 2002; Jiang et al., 2006; Semagn et al., 
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2007; Waldron et al., 1999).  The broad distribution also indicates that disease levels in the 
nursery were adequate, providing distinction between resistant and susceptible genotypes.  Wide 
phenotypic variance is also expected for a bi-parental population derived from a resistant by 
susceptible cross.  Some reports have indicated resistance alleles are sometimes contributed by 
susceptible varieties resulting in transgressive segregation (Liu et al., 2005; Snijders, 1990; 
Waldron et al., 1999).  The resistant variety Ernie is an example, as it was developed from the 
cross between two susceptible varieties (Liu et al., 2005).  In our population all resistance QTL 
were contributed by the resistant parent, IL97-1828; however, transgressive segregants were 
observed for DON in 2010 indicating that perhaps Clark contributed resistance alleles with small 
effects that were not detected by QTL analysis.  Obtaining transgressive segregants from a cross 
between a resistant and a susceptible variety is beneficial for breeders.  Many resistance sources 
are lacking in good agronomic qualities, but breeders are able to cross resistant varieties with 
susceptible, agronomically elite cultivars and obtain varieties with improved resistance and 
agronomic qualities.   
 Environmental variation adds additional complexity to phenotypic selection for FHB 
resistance and typically plays a large role in FHB evaluation (Campbell and Lipps, 1998; Parry et 
al., 1995).  In this study, the environment certainly played a role in the evaluation of the RIL 
population.  Incidence in 2009 in Urbana was significantly different than in 2010; however, 
severity, FHB index, and ISK index were not different across the three environments.  Severity, 
or Type II resistance, has been reported to be more consistent across environments (Bai and 
Shaner, 1994).  Fusarium damaged kernels (FDK) percentage was also significantly different 
between the locations in 2010 indicating the prominent role environment plays in evaluation of 
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resistance.  Additionally, there were significant QTL × environment interactions, which is not 
unexpected considering no QTL in this study were consistently identified across environments.   
 Interestingly, only a single QTL, for Type I resistance, was identified in Wooster, OH.  
Differing inoculation methods may have been a cause, as conidia spray was used in combination 
with grain spawn for inoculation of plots in Ohio.  Disease levels, however, seemed adequate.  
The susceptible parent Clark had higher levels of disase than the resistant parent and the resistant 
checks in all cases (Table 2.1).  Additionally, a broad phenotypic distribution was observed for 
the population for all traits.  As a result, it is unlikely that disease escape was the cause.  
Correlations for phenotypic disease measurements in individual years as well as scatter plots for 
data collected at Urbana, IL in 2010 and Wooster, OH in 2010 are presented in Appendix B.  
Correlations from Table B.1 show disease traits between any given two environments (i.e. 
between two years or between two locations) while significance was poor (0.20 < r < 0.54).  
Mesterhazy et al. (1999) noted similar poor correlations between two years of evaluation; 
however, between an additional two years disease data were highly correlated.  This study 
reiterates the importance of basing selection for FHB resistance on multiple years and locations 
as the environment can be a major factor in evaluation. 
 A single QTL located on 1B for Type I resistance was identified in all environments 
except Urbana, IL in 2010.  The minor QTL explained 6.2% of the phenotypic variance for the 
mean over the three environments.  In Urbana in 2009 the QTL was linked to wPt-668069, while 
in Ohio it was linked to the nearby marker wPt-1116.  This QTL was also significant for Type II 
resistance in Urbana in 2010, but was linked to marker wPt-3477.  This genomic region was also 
significant for FHB and ISK indices.  For the environmental mean, the QTL explained 7.9% of 
the phenotypic variance. Over the three environments and the combined environmental means, 
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this QTL mapped to three different markers within a 10 cM region, approximately 14 to 24 cM 
away from SSR marker gwm273 in the linkage map constructed from the RIL population.  This 
location is close to QTL for Type II resistance on 1B identified in cultivars „Wangshuibai‟, 
„Seri82‟, and „CM-82036‟ (Buerstmayr et al., 2002; Mardi et al., 2006; Zhou et al., 2004).  Our 
results provide additional evidence that this genomic region on 2B is important for FHB 
resistance in several different genetic backgrounds.   
 A significant QTL on 2B was identified not only for Type II resistance, but also for 
reduction in FDK percentage and DON concentration (Table 2.1).  The QTL for Type II 
resistance explained 8.48% of the phenotypic variation in Urbana in 2010.  Approximately 9% of 
the phenotypic variance was explained by the QTL for FDK percentage for the 2-year mean in 
Urbana.  Additionally, a QTL on 2B was identified consistently for both years in Urbana for 
reduction in DON concentration.   In 2009, in the 2-year Urbana mean, and in mean across the 
three environments, the QTL was linked to DArT marker wPt-665550, with the exception of 
severity.  Different from 2009, the QTL was linked approximately 35 cM away to wPt-4199. It is 
unclear, but likely that these are the same QTL that linked to different markers along the linkage 
group.  This linkage group was anchored by SSR marker wmc474 aproximately 30 cM down the 
linkage group from wPt-4199.  This region is close to the QTL previously identified in 
Goldfield, for Type I resistance, and Dream, for Type II resistance, both of which are 
independent of the Asian sources (Gilsinger et al., 2005; Schmolke et al., 2005).  Also, it could 
possibly be coincident with QTL previously identified on 2B for kernel damage reduction in 
IL94-1653 and a QTL for DON and kernel damage reduction in Ernie (Abate et al., 2008; Bonin 
and Kolb, 2009).  Additional work will be needed to determine whether this is a different allele 
at one of these loci or whether it is a different gene, or genes, in a similar genomic region.   
 
 
32 
 
 Chromosome 3B likely has the most reports of FHB resistance QTL, principally because 
the most consistently identified QTL is on the short arm of chromosome 3B (Fhb1), which has 
explained up to 60% of the phenotypic variance in some populations (Buerstmayr et al., 2002; 
Buerstmayr et al., 2009).  In addition to Fhb1, QTL have been identified closer to the 
centromeric region on chromosome 3BS as well as one report of a QTL on the long arm of 
chromosome 3B (Bourdoncle and Ohm, 2003; Liu et al., 2007; Yang et al., 2005; Yu et al., 2008; 
Zhou et al., 2004).  The majority of these reports are for Asian sources of resistance, most 
notably Sumai 3 and Ning 7840.  One of the reports for a QTL on 3BSc, however, is from the 
native resistant source Ernie (Liu et al., 2007).   
In our population there were two genomic regions on separate linkage groups that 
mapped to 3B that led to a significant reduction in FHB symptoms.  One QTL was significant in 
only Urbana in 2009 and 2010, explaining 4.48% and 5.56% of the phenotypic variation for FDK 
percentage, respectively.  This QTL was linked to barc139, which is located in a similar region 
to the QTL found on 3B in Ernie reported by Liu et al. (2007); however, the QTL for Ernie was 
detected for reduction to FHB severity, and in our population it was detected for a reduction to 
FDK percentage.  The other QTL identified within our population on 3B was linked to DArT 
marker wPt-8959 and was significant for FHB severity, FHB index, FDK percentage, and ISK 
index.  This region is on the long arm of chromosome 3B, close to the region identified in 
„Huapei 57-2' for reduction to FHB severity by (Bourdoncle and Ohm, 2003).  The allele in our 
population on 3BL is possibly not the same as that for Huapei 57-2 as the resistance possessed 
by IL97-1828 is considered to be native and independent of the Asian sources.  Again it is 
unclear whether these regions are different alleles at the same locus or different genes at closely 
linked loci.   
 
 
33 
 
Three QTL were identified in only a single environment for a single trait in this study.  A 
QTL was identified on chromosome 4A for severity in Urbana in 2009 explaining only 3.84% of 
the phenotypic variation.  The linked markers wPt-8167, wPt-8271, wPt-8886, and wPt-3108 
were approximately 17 cM away from SSR marker wmc313 in the linkage group, placing the 
QTL on the long arm of chromosome 4A.  A QTL previously reported for FHB severity in the 
Swiss winter wheat Arina was located in a similar location (Paillard et al., 2004).  Another QTL 
within our population was identified only for FDK percentage on chromosome 1A in Urbana in 
2010.  A study by Semagn et al. (2006) found a QTL in a similar location on 1AL in „NK93604‟ 
that conferred Type II resistance and resistance to DON accumulation.  The QTL found in that 
study explained more variation (14.8-27.9%) than the QTL found in our study (4.41%).  The 
third QTL identified in just a single environment in our study was a QTL for reduction to ISK 
index in Urbana in 2010 found on chromosome 1D.  Interestingly, this QTL was not significant 
for any of the components of ISK index (i.e incidence, severity, or FDK percentage).  This QTL 
only explained 3.53% of the phenotypic variance, so the effect of the QTL was very minor.  A 
QTL was previously reported in this region for Type I resistance (Klahr et al., 2007), kernel 
infection (Yang et al., 2005b), and Type II resistance (Ittu et al., 2000) in three different 
resistance sources.  Two of the sources of QTL in those reports are European winter wheat 
varieties with no known link to Asian sources, while the third is a doubled haploid line with 
Sumai 3 in its background.  Also notable is the different traits that are associated with this region 
in those reports.  This perhaps explains why this region is significant for ISK index in our 
population.  It appears this region is important for the reduction of a few FHB disease 
measurements.   
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Lowering the critical LOD value to 2.7, significant at α=0.1, eight additional QTL were 
identified (boxed values, Table 2.3).  None of the additional QTL (1B, 2B, 3BL) were located in 
new regions, providing evidence that these regions are likely contributing minor effects for FHB 
resistance.  Of the additional regions significant at 10%, the largest R
2
 was for a QTL on 2B, 
which explained 7.25% of the phenotypic variation for severity across the two years of 
evaluation in Urbana.     
Broad sense heritability estimates were moderate to moderately high in the population for 
disease measurements.  Heritability estimates for incidence, severity, FDK percentage, and DON 
were slightly lower than estimates reported previously (Jiang et al., 2007a; Jiang et al., 2007b; 
Ma et al., 2006); however, estimates were higher than some reports (Verges et al., 2006; Yu et 
al., 2008).  Heritability for ISK index in the RIL population was very similar to a recent report 
(Bonin and Kolb, 2009).  The lower heritability for incidence is not unexpected.  Incidence, or 
Type I resistance has been reported to be more environmentally affected, and not as stable as 
Type II resistance (Bai and Shaner, 1994).  While FDK percentage had a slightly lower 
heritability estimate compared to DON concentration, measuring FDK percentage may be 
preferred when evaluating wheat breeding lines for resistance.  Measuring DON concentration is 
expensive, and typically only occurs on the most advanced material in a breeding program 
(Verges et al., 2006).  In this study, FDK percentage had the highest correlation with DON of 
any trait, providing evidence that while selecting for low FDK percentage, lower DON 
concentration will be indirectly selected.  Notably, the highest heritability estimate was with ISK 
index, a weighted index that attempts to capture the total effect of FHB on a wheat line.   
Significant correlations among the different phenotypic disease measurements indicated 
that multiple types of resistance within this population are unlikely to be under independent 
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control.  Furthermore, significant QTL detected in the same genomic region (i.e. QTL linked to 
the same marker or to a nearby marker) for multiple disease measurements supports this 
conclusion.  Many reports have previously identified QTL for multiple FHB resistance traits in 
the same genomic location (Bonin and Kolb, 2009; Draeger et al., 2007; Jiang et al., 2007b; 
Yang et al., 2005; Yu et al., 2008).  In this study, a QTL was identified on 1B for incidence, 
severity, FHB and ISK index. The QTL identified on 2B was significant for severity, FHB index, 
FDK percentage, ISK index, and DON.  Additionally, the QTL on 3B was significant for 
severity, FHB index, FDK percentage, and ISK index.  This could be a result of pleiotropy, or 
genes affecting different resistance parameters within the same genomic region.  It is also 
possible that reduction in total amount of infection, either through reduction in incidence or 
severity, leads to a reduction in other disease traits such as kernel damage or DON concentration.  
In the case of the 2B locus, reduction in severity may have lead to a reduction in kernel infection; 
however, for the 2-year mean in Urbana the 2B locus did not confer a significant reduction in 
severity, but did confer a significant reduction in kernel damage perhaps indicating pleiotropy or 
multiple closely linked genes as the cause.  In the field these traits are unlikely to be completely 
independent.   
  
2.5 Conclusions 
 QTL on six separate chromosomes were inconsistently detected across environments in 
the RIL population.  Inconsistent QTL identification across environments is not surprising 
considering FHB is considerably affected by the environment, and significant G × E has been 
reported (Miedaner et al., 2001; Parry et al., 1995).  None of the QTL in this study were 
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considered novel.  In other words, all QTL were in regions that previously have had QTL for 
FHB resistance.  It is unclear whether the regions identified in our study are allelic with the 
previously identified regions, or different genes at closely linked loci.  QTL on 1B, 2B, and 3B 
were identified in multiple environments for multiple resistant traits.  The effects of the 
identified QTL were all minor, with the largest effect coming from the 2B region for reduction to 
FDK percentage and ISK index.  The largest effect for FDK percentage and ISK index found 
derived from IL97-1828 is not surprising.  Within the University of Illinois wheat breeding 
program, significant weight is placed on FDK percentage and the ISK index when making 
selections.  Many of the QTL identified in this study contributed to reductions in multiple disease 
measurements.  This is encouraging for breeders as selecting for these regions will likely confer 
reduction in multiple disease parameters.  Additionally, incorporating the QTL on 2B, identified 
for resistance to DON concentration consistently across both years, into breeding lines could 
lower DON concentration, which is extremely important for reducing the impact of this disease.  
The native resistance within IL97-1828 appears to be controlled by several regions each 
contributing small effects.  This will present challenges when attempting to use this source of 
resistance in marker assisted selection; however, it would still be possible to combine resistance 
alleles from IL97-1828 with different sources and different types of resistance and to expect lines 
with improved resistance.  Confirming these QTL within different backgrounds will be an 
important step in further determining the usefulness of these QTL in an MAS program.  Also, 
identifying SSR markers that are closely linked to these QTL will be integral before they can be 
effectively used in a MAS program.  
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2.6 Tables and Figures 
RIL pop 90% CI
 x̅  ± SD for H
2
Incidence, % 2009 Urbana 37.5 90.0 65.6 68.2 ± 12.0 20 - 100
2010 Urbana 82.5 90.0 82.5 89.7 ± 4.7 50 - 100
2010 Wooster 82.5 95.6 64.1 89.4 ± 5.8 35 - 100
67.5 91.9 70.7 82.5 ± 8.2 20 - 100 0.44 0.32 - 0.54
Severity, % 2009 Urbana 26.5 74.1 42.6 49.5 ± 11.6 8.7 - 100.0
2010 Urbana 37.4 59.2 34.8 54.1 ± 10.6 17.1 - 85.7
2010 Wooster 36.5 81.3 34.2 58.6 ± 11.0 16 - 100
33.5 71.5 37.2 54.1 ±  11.1 8.7 - 100 0.55 0.46 - 0.63
FDK, % 2009 Urbana 20.0 75.0 17.8 35.5 ± 10.0 5 - 90
2010 Urbana 17.5 52.5 29.2 43.5 ± 8.3 20 - 90
2010 Wooster 10.6 53.8 15.1 29.4 ± 10.8 1 - 90
16.0 60.4 20.7 36.1 ± 9.8 1 - 90 0.64 0.56 - 0.70
FHB Index 2009 Urbana 10.0 66.7 27.9 34.9 ± 10.8 2.2 - 90.0
0-100 2010 Urbana 30.8 53.3 28.6 48.8 ± 10.3 13.7 - 82.6
2010 Wooster 30.4 77.7 23.9 53.1 ± 11.0 8.0 - 100.0
23.7 65.9 26.8 45.6 ±  10.7 2.2 - 100.0 0.61 0.53 - 0.68
ISK Index 2009 Urbana 26.2 79.2 39.6 49.5 ± 8.0 5.8 - 93.0
0-100 2010 Urbana 46.0 65.8 46.8 60.5 ± 5.6 37.9 - 87.4
2010 Wooster 40.0 74.6 35.5 56.2 ± 6.6 20.2 - 94.1
37.4 73.2 40.6 55.4 ± 6.8 11.3 - 94.1 0.67 0.60 - 0.73
DON, µg g
-1
2009 Urbana 8.9 11.9 9.0 10.5 ± 2.8 2.6 - 28.7 0.68
2010 Urbana 5.6 6.4 6.5 6.1 ± 1 2.5 - 12.8 0.68
In Wooster, OH in 2010, x̅ of Ernie, Truman, IL97-6755, IL00-8061 and IL02-18228.
* In Urbana, IL 2009 and 2010, x̅ of Ernie, IL97-6755 and IL00-8061;
2-yr mean
2-yr mean
2-yr mean
2-yr mean
2-yr mean
H
2
Table 2.1 Means, ranges and broad-sense heritability (H
2
) estimates for Fusarium head blight (FHB) disease measurements for the parental wheat 
lines IL97-1828 and Clark, the derived 242 recombinant inbred lines, and resistant check lines. Incidence, severity, Fusarium damaged kernels (FDK) 
percentage, FHB index, ISK index, and deoxynivalenol (DON) concentration calculated from data collected at Urbana, IL in 2009 and 2010, and 
Wooster, OH in 2010. 
IL 97-1828Trait Year Location Clark
Resistant check 
lines*
Range
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Trait Incidence Severity FHB index FDK ISK index DON 2009
Severity 0.67
†
FHB index 0.83 0.96
FDK 0.57 0.59 0.64
ISK index 0.81 0.85 0.91 0.90
DON 2009 0.48 0.38 0.45 0.58 0.57
DON 2010 0.31 0.34 0.35 0.44 0.44 0.54
†
 All correlation coefficients are significant at P  <.0001
Table 2.2 Correlation coefficients among Fusarium head blight (FHB) disease 
measurements of 242 recombinant inbred lines derived from a cross between IL97-
1828 and Clark.  Incidence, Severity, FHB index, Fusarium-damaged kernel 
(FDK) percentage, and ISK index were calculated using pooled data from Urbana, 
IL in 2009 and 2010, and Wooster, OH in 2010.  Deoxynivalenol concentration 
(DON) was obtained in Urbana, IL in 2009 and 2010, and calculated on an 
individual year basis. 
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Trait Chr
†
cM
‡
Linked Marker LOD A
§
R
2
(%)
#
LOD A R
2
(%) LOD A R
2
(%) LOD A R
2
(%) LOD A R
2
(%) LOD A R
2
(%)
Incidence 1B 13.1 wPt-668069 4.52* 4.79 4.60   … 
¶
… … … … … … … … 4.98 2.84 5.50 4.62 2.14 6.20
1B 8.5 wPt-1116 … … … … … … 3.30 4.12 3.40 3.50 1.16 4.60 … … … … … …
Severity 1B 13.1 wPt-668069 … … … … … … … … … … … … 2.93
††
2.40 3.92 3.88 2.42 6.76
1B 8.5 wPt-1116 … … … … … … … … … 3.86 2.46 4.20 … … … … … …
1B 1.7 wPt-3477 … … … 3.43 2.84 3.99 … … … … … … … … … … … …
2B 0.0 wPt-665550 … … … … … … … … … … … … … … … 3.43 2.11 6.61
2B 16.9 wPt-0473 4.07 3.40 4.98 … … … … … … … … … 2.82 2.06 7.25 … … …
2B 34.6 wPt-4199 … … … 4.94 3.41 8.48 … … … … … … … … … … … …
3BL 31.6 wPt-8959 2.88 2.98 5.54 … … … … … … … … … 3.09 2.23 3.35 … … …
4A 9.8 wPt-8167
‡‡
3.18 2.93 3.84 … … … … … … … … … … … … … … …
FHB index 1B 13.1 wPt-668069 3.61 3.53 4.80 … … … … … … … … … 3.72 2.88 5.85 4.41 2.82 7.90
1B 8.5 wPt-1116 … … … … … … … … … 4.28 2.82 4.80 … … … … … …
1B 1.7 wPt-3477 … … … 3.10 2.79 4.31 … … … … … … … … … … … …
2B 0.0 wPt-665550 … … … … … … … … … … … … … … … 3.28 2.25 6.24
2B 34.6 wPt-4199 … … … 4.73 3.46 8.01 … … … … … … … … … … … …
3BL 31.6 wPt-8959 … … … … … … … … … … … … 3.07 2.37 3.05 … … …
FDK 1A 2.9 wPt-667252 … … … 3.62 2.50 4.41 … … … … … … … … … … … …
2B 0.0 wPt-665550 5.24 3.62 6.39 … … … … … … 5.06 2.73 4.00 9.71 3.51 8.67 5.92 2.92 7.43
2B 34.6 wPt-4199 … … … 3.65 3.21 5.90 … … … … … … … … … … … …
3BSc 23.0 Barc 139 3.79 3.16 4.48 3.82 2.52 5.56 … … … … … … … … … … … …
3BL 31.6 wPt-8959 5.59 4.05 7.29 … … … … … … 2.74 2.14 5.38 5.11 2.67 5.37 5.10 2.84 7.06
3BL 38.7 wPt-667746 … … … … … … 2.85 3.50 2.70 … … … … … … … … …
ISK index 1B 13.1 wPt-668069 … … … … … … … … … … … … 3.04 1.86 3.43 2.77 1.82 4.31
1B 0.0 wPt-7094 … … … 2.85 1.44 1.94 … … … … … … … … … … … …
1B 8.5 wPt-1116 … … … … … … … … … 2.86 1.53 4.51 … … … … … …
1D 0.0 wPt-730758 … … … 3.02 3.33 3.53 … … … … … … … … … … … …
2B 0.0 wPt-665550 3.62 2.64 6.61 … … … … … … 3.75 1.69 5.20 3.86 2.07 7.10 5.54 2.16 8.70
2B 34.6 wPt-4199 … … … 4.64 2.23 7.70 … … … … … … … … … … … …
3BL 31.6 wPt-8959 4.82 3.30 7.72 … … … … … … … … … 4.85 2.13 5.96 3.67 1.86 6.66
DON 2B 0.0 wPt-665550 3.78 0.93 4.50 3.89 0.34 6.50 -
§§
- - - - - - - - - - -
†
 Chromosomal location of linked marker.
‡ 
Location of the marker along the linkage group in centimorgans (cM).
§
 The additive effects from the marker at the peak LOD.
#
 Percent phenotypic variance explained by significant QTL.
* Values significant at LOD value 3.0, α=0.05.
¶
 At a critical LOD value of 2.7 values were insignificant.
††
 Boxed values are significant at LOD value 2.7, α=0.1.
‡‡
wPt-8167,wPt-8271, wPt-8886, and wPt-3108 mapped to the same location.
§§
 Values could not be calculated.
Table 2.3 Summary of significant quantitative trait loci (QTL) for Fusarium head blight (FHB) resistance traits in a wheat recombinant inbred line (RIL) population derived from a cross between IL97-1828 and Clark for 
disease incidence, severity, FHB index, FDK percentage, ISK index, and DON concentration. 
2009 Urbana, IL
2010
2 Year Urbana, IL Mean 3 Envrionment MeanUrbana, IL Wooster, OH 2 Loc. Mean
 
 
40 
 
Figure 2.1 Frequency distributions of 242 wheat recombinant inbred lines developed from 
a cross between IL97-1828 and Clark for disease incidence averaged over 3 environments. 
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Figure 2.2 Frequency distributions of 242 wheat recombinant inbred lines developed from 
a cross between IL97-1828 and Clark for disease severity averaged over 3 environments. 
 
 
 
 
 
 
 
%
 o
f 
L
in
es
Severity
X=54.1
S = 11.1
IL97-1828 Clark
 
 
42 
 
Figure 2.3 Frequency distributions of 242 wheat recombinant inbred lines developed from 
a cross between IL97-1828 and Clark for FHB index averaged over 3 environments. 
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Figure 2.4 Frequency distributions of 242 wheat recombinant inbred lines developed from 
a cross between IL97-1828 and Clark for Fusarium damaged kernel (FDK) percentage 
averaged over 3 environments.  
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Figure 2.5 Frequency distributions of 242 wheat recombinant inbred lines developed from 
a cross between IL97-1828 and Clark for ISK index averaged over 3 environments.  
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Figure 2.6 Frequency distributions of 242 wheat recombinant inbred lines developed from 
a cross between IL97-1828 and Clark for deoxynivalenol (DON) concentration in 2009.  
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Figure 2.7 Frequency distributions of 242 wheat recombinant inbred lines developed from 
a cross between IL97-1828 and Clark for deoxynivalenol (DON) concentration in 2010.  
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CHAPTER 3 
EVALUATION OF AN INOCULATION METHOD FOR FUSARIUM HEAD BLIGHT 
RESISTANCE IN WHEAT 
 
 3.1 Introduction 
Fusarium graminearum Schwabe [telomorph: Gibberella zeae Schwabe (Petch)] is the 
principal causal agent in the U.S. of Fusarium head blight (FHB), a destructive disease of wheat 
and barley (Schroeder and Christensen, 1963).  FHB can have devastating effects on yield, test 
weight and grain quality.   Additional losses are caused through mycotoxin contamination of the 
grain, which pose serious health risks.  Fungicide applications and cultural control methods, such 
as tillage and crop rotation, may help decrease symptoms and inoculum levels, but neither of 
these methods alone provides sufficient disease control.  Host resistance remains the best tool for 
the prevention of losses caused by FHB (Bai and Shaner, 1994). 
 Development of resistant varieties requires identification of both resistant sources and 
resistant lines within breeding populations.   Screening for host resistance by natural infection is 
difficult in most regions, as disease levels are inconsistent.  Obtaining consistent differentiation 
of FHB resistance levels relies on the use of inoculation methods (Parry et al., 1995).  Some 
common inoculation methods include point inoculation, conidia spray, and grain-spawn.  The 
grain-spawn method combined with mist irrigation is commonly used to evaluate large numbers 
of breeding lines.  In this method, infected grain produces ascospores in perithecia as primary 
inoculum.  The establishment of a mist irrigation system accompanies this method to maintain 
conditions conducive to disease development.  Needle inoculation uses a syringe to inject a 
quantified number of conidia spores into a single spikelet.  Needle inoculation is primarily used 
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for FHB screening in the greenhouse, but can also used in the field.  Lastly, conidia spray 
inoculation involves spraying a liquid conidia suspension on groups of heads.  This method, 
when done in the field, also typically requires irrigation similar to the grain spawn method.  With 
point inoculation and needle inoculation in the greenhouse, cultivars are placed in a mist 
chamber for approximately 48 hours post-inoculation.  While these methods are effective in 
quantifying resistance, they remain time and labor intensive.  As a result, programs often obtain 
only a single location of resistance data per year on breeding material.  In addition, some 
material, often less advanced material, may even remain unscreened due to limited resources for 
FHB resistance screening.   
Multiple types of resistance to FHB have been described.  Schroeder and Christensen 
(1963) first proposed two types of resistance: Type I, resistance to the initial infection by the 
pathogen, and Type II, resistance to the spread of the disease within the head.  Type I is 
evaluated by measuring incidence, the percentage of infected heads, while, Type II is measured 
by severity, the percentage of infected spikelets.  Three other proposed types of resistance 
include: resistance to kernel damage, resistance to mycotoxin accumulation, and yield tolerance 
(Mesterhazy, 1995; Miller et al., 1985).  Resistance to kernel damage is evaluated by analyzing 
grain samples post-harvest for percentage of diseased kernels.  Also post-harvest, grain samples 
can be analyzed for mycotoxin concentration.  One benefit of the widely used grain spawn 
inoculation method in a misted nursery is that these different types of resistance can be 
evaluated.  Needle inoculation, however, is limited in its evaluation and simply measures the 
spread of the disease or Type II resistance.  Furthermore, needle inoculation may bypass 
mechanisms of resistance since with this method spores are injected directly into the spikelets.  
Many programs have focused on Type II resistance as it has been reported to be more 
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environmentally stable (Bai and Shaner, 1994); however, there is increasing interest in 
evaluating the other types of resistance when developing resistant varieties, and to provide 
adequate control against FHB a resistant variety should possess multiple types of resistance.    
My objective in this study was to evaluate an inoculation method for the screening of 
FHB resistance, known as the spray and bag method.  The spray and bag method uses an 
inoculum suspension of conidia sprayed on a group of heads similar to the conidia spray 
inoculation method.  A plastic bag with air holes in the top is then placed over the heads for 48 
hours to maintain high humidity.  The bag maintains elevated moisture levels during infection 
similar to irrigation in the grain spawn method, or the 48 hours in a mist chamber in point 
inoculation.  With the spray and bag method, it would be possible to screen material without the 
establishment of a time and labor intensive mist-irrigated nursery.  Also, if this method is able to 
provide consistent FHB resistance ratings that are highly correlated to the grain-spawn method, it 
would provide a more resource efficient means for multi-location, large scale FHB resistance 
evaluation.  
In this study we used the grain spawn method to compare to the spray and bag method by 
determining if we could obtain similar results (i.e. correlated results) between the two methods.  
These two methods employ two different spore types as primary inoculum, ascospores versus 
macroconidia, but Stack (1989) reported that despite the biomass difference between ascospores 
and conidia, they produced quantitatively similar results when point inoculated into wheat 
spikes.  As a result, the differing spore types between the two methods should not affect 
comparisons.  In addition to comparing the spray and bag method to the grain spawn method, we 
aimed to determine whether placing a bag over inoculated heads was necessary to obtain 
symptoms in the spray and bag method.  In 2010, we inoculated a small number of plots with the 
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same conidia spray but did not place a bag over the heads post-inoculation to determine if there 
was a difference.   
 
3.2 Materials and Methods 
FHB Inoculation and Disease Evaluation  
  To prepare grain spawn inoculum, agar plugs of a mixture of 10 different isolates of 
Fusarium graminearum were placed in carboxymethyl-cellulose liquid media, similar to a 
method described by Tuite (1969), and allowed to grow and sporulate under light.  The isolates 
were obtained from several locations in Illinois from 2000 to 2008.  After five days, concentrated 
conidial suspensions were poured over autoclaved grain and allowed to colonize.  Two to four 
weeks prior to anthesis, grain spawn was disseminated at a rate of 287 kg ha
-1
.  After 
dissemination, mist irrigation was used to maintain high moisture in order to promote perithecial 
and disease development.  Plots were misted until two weeks after the last genotype flowered. In 
plots subjected to inoculation using grain spawn, corn stalks were placed between rows during 
the fall to provide additional inoculum.  Azoxystrobin (Quadris
®
; Syngenta Crop Protection, 
Greensboro, NC) was sprayed at a rate of 0.04 Kg a.i. ha
-1
 at Feekes growth stage 8.0-9.0 to 
prevent infection by Stagonospora nodorum and Puccinia graminis.  The application of 
azoxystrobin was applied early enough so as not to affect FHB infection. Lambda-cyhalothrin 
(Warrior
®
; Syngenta Crop Protection, Greensboro, NC) insecticide was also sprayed (0.006 Kg 
a.i. ha
-1
) in the fall and spring to control aphids that vector Barley yellow dwarf virus.  Disease 
incidence, a visual estimate of the percentage of infected heads, and disease severity ratings, a 
mean of at least seven visual evaluations of the number of infected spikelets per head, were 
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recorded approximately one month after heading date.  Also, after harvest, kernel quality 
evaluations were assessed by visually estimating the percentage of Fusarium damaged kernels 
(FDK) by comparison to known standards.  In addition, FHB index, a disease index used to 
determine the percentage of diseased spikelets, was calculated as (incidence × severity)/100, and 
ISK index, a disease index weighted for FDK percentage, was calculated as (0.3 × incidence + 
0.3 × severity + 0.4 × FDK). 
Similar to the grain spawn method, the spray and bag method employed the use of a 
conidia suspension composed of a mixture of ten pathogenic isolates of F. graminearum.  The 
isolates were collected from different locations in Illinois from the years 2000-2009.  The set of 
ten isolates were not identical in 2008 and 2010.  Conidia were produced in a carboxymethyl-
cellulose liquid media under light and quantified using a hemacytometer.  A concentrated stock 
conidial suspension was diluted to a concentration of 100,000 conidia mL
-1
 to serve as a working 
suspension.  Approximately 25 heads per plot were sprayed with 6 mL of inoculum during mid 
to late anthesis using a 32 oz. all purpose household sprayer (Model: ACE 11690, ACE 
Hardware Corporation).  A ring made of plastic string trimmer line approximately 25 cm in 
diameter was placed in the plot to mark the location of inoculated heads.  The ring provided a 
rigid, durable, and reusable marker for inoculated heads.  A 1.1 L Whirl-Pak
™
 bag, with six air 
holes punched in the top of the bag, was placed over the inoculated heads and secured.  These 
bags were selected because the closures which are part of the bags can be used to easily secure 
the bags to the plants and prevent wind from blowing the bags off of inoculated heads.  The bags 
were removed after 48 hours, and heads were visually rated 21 days after inoculation for 
incidence and severity.  Severity was measured as the percentage of infected spikelets per head 
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averaged over 7 heads.  Incidence was determined as a visual estimate of the percentage of 
infected heads.  FHB index was also calculated. 
Plant Materials 
In 2008, three yield trial experiments for a total of 93 lines at a single location were used 
for spray and bag inoculation.  In 2010, 120 lines were used from a single experiment planted at 
two locations (Urbana, IL and Brownstown, IL).  Data were also collected in 2009 for the spray 
and bag method, but due to an error and failure of a data logger, the data were irretrievably lost.  
Plots consisted of 6 rows, 4.26 meters in length planted from September 26
th
 to September 29
th
 
across the three years.  For evaluation of the grain spawn mist irrigation method, most of the 
same lines were used within each year.  Specifically, all lines in 2008 were the same across 
methods, and 118 of the 120 lines were the same in 2010.  These 120 lines were also evaluated in 
2009 in the grain spawn method to compare across years within the grain spawn method.  Plots 
were single-rows measuring 1 m in length, and evaluation occurred at a single location in both 
years. In all cases the field experimental design was a randomized complete block. Two 
replicates were used for all spray and bag experiments, and three replicates were used in grain 
spawn experiments. Plant varieties were advanced breeding lines with a varying range of 
susceptibility to FHB.  
In 2010, the first 20 entries at both locations of the spray and bag test also underwent 
inoculation without the use of a bag.  This was done to determine if a bag was necessary to 
obtain adequate symptoms for FHB evaluation.  The experimental design was a split plot design 
in a randomized complete block.  The whole plot was variety while the subplot was divided into 
bag and no bag. 
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Statistical Analysis 
 Data were analyzed using PROC GLM of SAS (SAS Institute, 2008) and a significance 
threshold of α = 0.05.  Residuals were viewed for normality using PROC UNIVARIATE of 
SAS.  Spearman rank-order correlation coefficients were calculated using the PROC CORR 
procedure of SAS and a significance threshold of α = 0.05.  In 2010, correlations were calculated 
for each location individually as well as the mean across locations.  The statistical model used to 
analyze measurements within the spray and bag in 2010 consisted of location, block nested 
within location, variety, location x variety and the error term. 
 For the comparison of the effect of bag and no bag in 2010, PROC UNIVARIATE was 
used to check ANOVA assumptions.  The data were analyzed using PROC MIXED of SAS.  The 
statistical model for the two locations combined included the random effect of location, block 
nested within location, variety, location x variety, the whole plot error term, the fixed effect of 
bag method, location x method, variety x method, location x variety x method, and the subplot 
error term.  The only term considered fixed was the bag method.  All other terms in the model 
were considered random.  As a result, the ESTIMATE statement in PROC MIXED was used to 
estimate best linear unbiased predictors (BLUPs) for disease measurements for individual 
locations and to estimate the difference between locations. 
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3.3 Results 
Comparison of two inoculation methods 2008 
Disease measurements showed continuous distributions over both methods in all years.  
In 2008, incidence was lower in the spray and bag, 64.9% compared to 83.6% for the grain 
spawn method (Table 3.1).  Severity was very similar across inoculation methods at 44.1% for 
spray and bag and 45.8% for the grain spawn method, respectively.  FHB index in the spray and 
bag method (30.4) reflected the lower incidence and was slightly lower than the grain spawn 
method (40.7).   
 Correlation coefficients for disease measurements – incidence, severity, FHB index, 
kernel quality and ISK index – for both methods in 2008 are presented in Table 3.2.  In all cases, 
significant correlations were positive, and the only negative correlations were not significant.  
Disease measurements were significantly correlated with other disease measurements within the 
same method in all cases in 2008.  Incidence from the spray and bag method was significantly 
correlated with all disease measurements from the grain spawn method, with the highest linear 
relationship (r=0.41) for incidence.  Severity was also significantly correlated with all disease 
measurements of the grain spawn method with its highest linear relationship (r=0.83) for 
severity.   Similarly, FHB index was significantly correlated with all disease measurements with 
its highest linear relationship (r=0.77) for ISK index from the grain spawn method.   
The numbers of wheat breeding lines distributed across proportions (top and bottom 10%, 
top and bottom 20-40%, and middle 40%) of the two methods in 2008 are displayed in Table 3.3.  
No lines that were in the top 10% of the grain spawn method were in the bottom 10% of the 
spray and bag method.  Additionally, no lines in the top 10% of the spray and bag method were 
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in the bottom 10% of the grain spawn method.  Four of the nine lines were in the top 10% of 
both methods.  Just over half of the lines in the top 40% for the two methods were coincident.    
Comparison of two inoculation methods, 2010 
 In 2010, average FHB index and incidence were higher in Brownstown compared to 
Urbana using the spray and bag inoculation while severity between the two locations was not 
significantly different.  Disease levels in the spray and bag method averaged over locations were 
considerably higher compared to the grain spawn method.  Specifically, incidence averaged over 
the two spray and bag locations was 92.5% compared to 82.3% in the grain spawn method 
(Table 3.1).  Similarly, mean severity was 58% as compared to 32.7% in the grain spawn 
method.  Average FHB index of 54 was almost two fold higher over the two locations compared 
to a mean of 29 in the grain spawn method.   
 While not directly comparable, as the same lines were not used in 2008 as in 2010, means 
for disease measurements across years will still give a good indication of overall disease levels 
across the two years as lines with a range of susceptibility to FHB were used.  Between the two 
years, disease levels were very similar in the grain spawn nursery.  Severity was higher in 2008 
with a mean of 45.8% compared to 32.7%, and FHB index was also higher as a result of the 
severity (Table 3.1).  FDK percentage was also similar at 35.6% in 2008 and 31.4% in 2010.  
Spray and bag inoculation exhibited larger differences between the two years.  Incidence was 
much greater in 2010 with a two location mean of 92.5% compared to 64.9% in 2008.  Although 
the difference between the two years was not as large for severity, it was greater in 2010 with a 
mean of 58% in 2010 compared to 30.4% in 2008.   
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 Spearman correlation coefficients for disease data for the two methods in 2010 are 
presented in Table 3.4.  Correlations between the two locations of spray and bag evaluation were 
low for the three traits evaluated.  Severity (r=0.25) and FHB index (r=0.31) were significant 
between the two locations, but incidence (r=0.14) was not significant.  Incidence for the spray 
and bag at both locations individually and the two location mean compared to the grain spawn 
method had very low linear relationships ranging from 0 to 0.23 and was not significant in most 
cases.  Severity using the spray and bag method was significant at a level of 0.05 in all cases 
except when comparing Urbana to incidence of the grain spawn method.   Notably, the two 
location mean of the spray and bag was significantly correlated (P <.0001) with severity in the 
grain spawn method with a value of 0.53.  FHB index for both locations and the two location 
mean of the spray and bag was significantly correlated with all measurements from the grain 
spawn method.  The highest linear relationship (r=0.54) with the two location FHB index mean 
was FHB index of the grain spawn method. 
 Distributions of lines across proportions for the two methods are presented in Table 3.5.   
The distribution of lines for individual locations compared to the grain spawn method was 
similar.  A total of three more lines were in agreement between spray and bag in Urbana and 
grain spawn than for spray and bag plots in Brownstown and the grain spawn method.  Neither 
location showed a high level of agreement with the grain spawn method.  In Brownstown, 36% 
of the lines were in agreement across proportions with the grain spawn method, and in Urbana, 
38% of the lines were in agreement.  The two location mean had fewer lines that were in 
agreement between methods as only 32% of the lines were in agreement.   
Grain Spawn Nursery two-year comparison 
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Disease measurements across two years (2009 and 2010) of the grain spawn method were 
significantly correlated (Table 3.6).   Kernel quality, measured as FDK percentage, had the 
highest correlation across the two years (r=0.57).  FHB index had a correlation coefficient of 
0.39, slightly improved over correlations of 0.36 and 0.31 for incidence and severity.  
Looking at the number of lines that were in agreement between years across different 
proportions, results were similar to comparisons between two different inoculation methods 
(Table 3.7).  Only 33% of the lines were in agreement between methods.   
Comparison of spray and bag vs. conidia spray without bag, 2010 
 Incidence (P <.0001) and FHB index (P=0.05) were significantly lower without a bag for 
the two locations combined (Table 3.8).  Severity was not significantly different between the two 
bagging methods despite having a mean difference of 30.8 percent.  Similarly, incidence and 
FHB index were significantly higher at Brownstown compared to Urbana, while severity was 
again not different.  Correlations with the grain spawn nursery for the no bag treatment were not 
significant and were lower than correlations between the spray and bag and the grain spawn 
method in all cases (data not shown), indicating that the data from the no bag treatment were 
more variable than data obtained using a bag. 
 
3.4 Discussion 
 An inoculation method for the evaluation of FHB resistance needs to provide consistent 
identification of resistant and susceptible lines.  The screening and selection of FHB resistance is 
difficult due to its complex, quantitative nature and the large role that the environment has on 
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evaluation (Kolb et al., 2001; Parry et al., 1995).  Thus, a reliable inoculation method is an 
important tool required in order to make progress in breeding for FHB resistance.  Currently, the 
grain spawn mist irrigation method is one of the most widely used methods for the evaluation of 
large numbers of wheat breeding lines.  Comparing the spray and bag method to the accepted 
grain spawn method gave us a good indication of the potential use of the spray and bag as an 
inoculation method.      
Over the two years, adequate symptoms were certainly obtained using the spray and bag 
method, and arguably symptoms exceeded optimal levels because excessive levels of disease 
may overwhelm moderate levels of resistance (Wilcoxson et al., 1992).  Symptoms obtained with 
the spray and bag method exceeded that of the grain spawn method for all measurements in 
2010.  Disease incidence for spray and bag in 2010 was extreme with many lines measuring 90-
100% resulting in an overall two location mean of 92.5.  The high incidence was likely a result 
of periods of extended moisture during and post-anthesis in 2010.  Bai and Shaner (2004) 
suggested that Type I resistance, measured by incidence, is better detected under low disease 
pressure, and that under high disease pressure differences among cultivars are indistinguishable.  
This was likely the case with the high disease levels with the spray and bag method in 2010 
indicated by the high mean and the many lines that had between 90 and 100% incidence.  The 
high disease levels possibly contributed to the weak correlation (r=0.22) for incidence between 
the two methods and between the two locations of spray and bag in 2010 (r=0.14).  The high 
incidence in Brownstown compared to Urbana, as visualized in Figure 3.1,was likely partially 
responsible for the poor correlation between locations in 2010.  The high disease pressure also 
may have affected severity.  Under high spore levels, multiple primary infections may occur on a 
single spike making it appear as spread of the disease from a single infection (Bai and Shaner, 
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2004).  With the spray and bag method, the severe disease, especially in 2010, likely confounded 
Type I and Type II resistance.  A broader distribution was seen between the two locations of 
spray and bag in 2010 for severity as compared to incidence (Figure 3.2), but correlation 
remained poor (r=0.25).   
The evaluation of Type II resistance has been reported to be less susceptible to 
environmental changes (Bai and Shaner, 1994).  In contrast, severity for two years of the grain 
spawn method was not strongly correlated (r=0.31).  The stronger correlations, however, for 
severity compared to incidence for both years across methods, suggest that severity was more 
consistent across environments.  While the correlations obtained in this study are somewhat 
lower than desired, they are similar to coefficients previously reported for a comparison of two 
different FHB inoculation methods (Miedaner et al., 2003).  Miedaner et al. (2003) reported a 
non-significant correlation of 0.40 for severity in a comparison between point and spray 
inoculation.     
 Disease data in 2010 for the spray and bag were not as highly correlated as in 2008, but 
disease traits remained significantly correlated between methods in all cases (Table 3.5).  
Environmental variation plays a significant role in FHB resistance (Parry et al., 1995).  High 
inoculum levels have been suspected to overwhelm moderate genetic resistance.  In 2010, it was 
likely that the pathogen was able to overwhelm genetic resistance in some cases due to the 
extreme disease levels observed with the spray and bag method, also contributing to the observed 
weaker correlations between the two methods.  Also, this likely contributed to the weaker 
correlations for disease traits between the two locations of the spray and bag method.  The poor 
reproducibility between these locations is a concern, but possibly would improve if disease 
levels, specifically incidence, were not as high in Brownstown.   
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 Correlations in 2008 yielded promising results and demonstrated that highly correlated 
data could be obtained between the spray and bag and grain spawn methods (Table 3.2).  The 
high correlation indicated this inoculation method may be suitable for screening breeding lines.  
Of concern was the low number (32%) of lines that were in agreement between methods in 2010 
(Table 3.5).  Results in 2008 reflected the higher correlation observed as 49% of lines were in 
agreement between methods for the specified proportions (Table 3.3). Some lines may have been 
discarded using only the spray and bag method that would have been identified as resistant using 
the grain spawn method.  Comparison of two years of the grain spawn nursery was similar 
(Table 3.7).  About 33% of the lines were in agreement between years.  Due to the quantitative 
nature of inheritance of FHB resistance and the effect of environment on FHB evaluation, 
Campbell and Lipps (1998) compared developing improved FHB resistance more to improving 
grain yield than to single-gene disease resistance.  Our results reiterate the importance of basing 
selection decisions for FHB resistance on multiple environments, either evaluation of multiple 
locations in a single year or over multiple years.   
The correlations between the two methods in 2008 and 2010, while significant, were 
lower than desired; however, when comparing two years of the grain spawn nursery the observed 
correlations were much the same.  The usual expectation may be for these correlations to be 
better across years, but again this confirms the large effect that environmental conditions have on 
the evaluation of FHB.  The strongest correlation between the two years of grain spawn was with 
kernel quality or FDK percentage (r=0.57).  When selecting lines for FHB resistance within the 
University of Illinois breeding program, a significant weight is placed on the kernel quality.  The 
ISK index, a disease index weighted for kernel quality, is also strongly considered when making 
selections.  The fact that the strongest correlation across the two years was kernel quality 
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provides evidence that kernel quality (FDK percentage) should be included when selecting 
resistant wheat breeding lines.  These data are for only two years and potentially lower 
correlations could be obtained if this analysis were repeated for additional years, especially given 
the environmental variation that occurs with FHB.  One report of FDK correlated across three 
years showed lower correlations ranging from 0.164 to 0.515 (Mesterhazy, 1995).  In addition to 
environmental variation, differing inoculation techniques and rating techniques may be partially 
responsible for the differences in correlations.   
An analysis of sources of variation in FHB screening nurseries by Campbell and Lipps 
(1998) revealed that a large portion of variation came from within the plot or subsampling error.  
Typically plots in FHB screening nurseries are 1m long and consist of a few hundred wheat 
spikes, but only 10-20 of these heads are rated for severity depending on the program.  With the 
spray and bag method approximately 25 heads are inoculated, considerably less than using the 
grain spawn method.  However, 25 inoculated heads would still provide enough to rate for 
severity, and if a researcher were concerned about fewer heads being rated for incidence, adding 
more replicates in more environments would be an option.  In their analysis of the grain spawn 
inoculation method, Campbell and Lipps (1998) reported that additional replication had a larger 
effect on precision than evaluating more heads per plot. 
The high disease levels in 2010 suggest that the inoculum concentration used for the 
spray and bag method was excessive.  In 2008, the inoculum concentration provided adequate 
disease for evaluation, but in 2010, with slightly different environmental conditions following 
inoculation, disease levels were excessive.  Lowering the inoculum concentration will likely 
make this method more suitable for screening FHB resistance.  Lower disease levels would 
likely improve correlations not only between methods but also between locations within the 
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spray and bag method.  Decreasing the spore concentration would be a better option than 
decreasing the volume of inoculum sprayed on the heads, as the 6 mL volume seemed ideal to 
ensure that all the heads were coated with the spore suspension which is important to prevent 
disease escapes.  Lower inoculum levels will still likely provide adequate disease levels in years 
that are less favorable for FHB infection, but will not lead to excessive disease as seen in 2010.   
Analysis of plots inoculated without the use of the bag in 2010 determined that there was 
a significant decrease in incidence and FHB index without a bag.  Similarly, analysis of a conidia 
spray and bagging method also revealed that more symptoms were obtained when bagging of 
inoculated heads occurred (Lemmens et al., 2004).  The decrease in symptoms without bagging 
in 2010 did not lead to better correlations with the grain spawn method.  There may have been 
disease escapes in plots without a bag resulting in overall lower symptoms but not resulting in 
better distinction between resistant and susceptible lines.  As a result, bagging seems preferable 
for obtaining adequate symptoms.   
The 48 hours of bagging inoculated heads after spraying with a conidia suspension 
replaced irrigation and provided the elevated relative humidity levels necessary for infection.  In 
greenhouse screening with needle inoculation or conidia spray, misting duration typically lasts 
between 12 and 72 hours depending on the program (Rudd et al., 2001).  In previous studies with 
very similar inoculation methods bagging of inoculated heads occurred for 18 to 24 hours 
(Lemmens et al., 2004; Mesterhazy et al., 1999).  In those cases inoculum concentration and 
volume (15-20 mL of inoculum at a concentration 5 x 10
5
 and 10
5 
conidia mL
-1
) applied were 
considerably higher than what was done with our method.  Also in our study, holes were 
punched in the top of the bag to provide ventilation to reduce the risk of potential damage to 
floral organs due to excessive temperature inside the bags.  The results from two years of the 
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spray and bag method indicated that adequate disease symptoms were obtained with 48 hours of 
bagging.   
Since FHB has a worldwide geographical distribution, it is likely that humidity and 
moisture conditions post-inoculation vary significantly across screening locations.  A researcher 
can alter the duration of bagging and the inoculum concentration to obtain desirable disease 
levels depending on specific environmental conditions.  Additional research is planned for the 
2011 and 2012 growing seasons to determine a more suitable inoculum concentration.  Planting a 
dedicated set of yield plots with the same set of lines over two years and at least two locations is 
also planned, which will help make more direct comparisons across years.   
 
3.5 Conclusions 
While the specific inoculation methods for the spray and bag method have not been 
optimized, the results from 2010, and especially from 2008, are promising for the use of this 
method to evaluate breeding lines for FHB resistance.  Once optimized, this method will provide 
a breeder an inoculation method that will not require the establishment of a mist irrigated 
nursery, allowing the breeder to perform FHB evaluation in multiple locations in existing yield 
plots.  In areas where FHB is a consistent problem and breeders are annually screening breeding 
lines, the spray and bag method will likely not replace the standard mist irrigated grain spawn 
method, but this method could be applied to other locations without the planting of a dedicated 
nursery and irrigation system.  The grain spawn method also is able to evaluate resistance to 
kernel damage and mycotoxin accumulation, important measurements for the development of 
resistant varieties.  With the spray and bag method it would be possible to harvest inoculated 
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heads to determine FDK percentage and mycotoxin concentration, but if performed in yield trials 
the harvesting of the inoculated heads could negatively affect yield results.  The spray and bag 
method could also provide wheat breeding programs that presently have an established irrigated 
nursery additional locations of FHB resistance data on advanced breeding lines.  Additionally, 
this method could provide the sole means of screening for FHB resistance if a program does not 
have a large focus on FHB evaluation and does not presently have irrigation equipment.  This 
method would also be suitable to evaluate FHB in state variety trials providing farmers with 
additional data on cultivar reactions to FHB.   Lastly, not limiting this method to field use, if a 
program did not have the resources to establish a mist chamber in the greenhouse, this could 
conceivably be applied to greenhouse screening. 
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3.6 Tables and Figures
 
2009
 ± SD
Incidence, % 69.0 ± 15.8
Severity, % 38.7 ± 11.9
FHB index
†
, 0-100 27.5 ± 11.2
FDK, % 23.5 ± 8.5
ISK index, 0-100 41.7 ± 8.5
†
FHB index = (incidence × severity)/100
‡
ISK index = [(0.3 × incidence) + (0.3 × severity) + (0.4 × FDK)]
Table 3.1 Means and standard deviations (SD) for incidence, severity, Fusarium head blight (FHB) index, Fusarium 
damaged kernels (FDK) percentage, and ISK index for two different inoculation methods to evaluate FHB resistance 
in wheat.
Grain Spawn and Mist Irrig.
2008 2010
 ± SD
Urbana Brownstown 2 loc. Mean
Trait
2010 Spray and Bag2008 Spray 
and Bag
83.6 ± 15.2
45.8 ± 12.8
40.7 ± 12.7
-
± SD
82.3 ± 11.5
32.7 ± 12.3
29.0 ± 11.9
31.4 ± 8.1
48.3 ± 7.2
35.6 ± 11.2
53.0 ± 9.5
± SD
92.5 ±  7.8
58.0 ± 12
54 ± 12.2
-
-
± SD
97.6 ± 3.6
59.0 ± 13.5
57.7 ± 13.2
-
-
± SD
87.4 ± 10.5
57.0 ± 10.2
50.2 ± 11.1
-
-
64.9 ± 20.3
 ± SD
44.1 ± 12.1
30.4 ± 13.8
-
x

x 

x 

x 

x 

x

x 
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Severity
FHB 
index Incidence
†
Severity
‡
FHB 
index
§
Kernel 
Quality
#
ISK      
index
*
Incidence
0.44    
<.0001
0.72    
<.0001
0.41      
<.0001
0.33       
0.0018
0.36    
0.0007
0.39    
0.0002
0.39    
0.0002
Severity
0.92    
<.0001
0.64         
<.0001
0.83       
<.0001
0.82    
<.0001
0.78    
<.0001
0.82    
<.0001
FHB index
0.64     
<.0001
0.75       
<.0001
0.76    
<.0001
0.74    
<.0001
0.77    
<.0001
Incidence
0.79    
<.0001
0.88    
<.0001
0.74    
<.0001
0.85    
<.0001
Severity
0.98    
<.0001
0.84    
<.0001
0.93    
<.0001
FHB index
0.85    
<.0001
0.95    
<.0001
Kernel 
Quality
0.96    
<.0001
†
Incidence = the percentage of heads with symptoms
‡
Severity =  the percentage of spikelets in a head with symptoms
§
FHB index = (incidence × severity)/100
#
Kernel quality =Fusarium damaged kernels percentage
*ISK index = [(0.3 × incidence) + (0.3 × severity) + (0.4 × kernel quality)]
Table 3.2 Spearman correlation coefficients and probability values for disease data on wheat 
breeding lines using two different inoculation methods to evaluate Fusarium head blight (FHB) 
resistance in wheat, 2008, N = 93.
G
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Spray and Bag
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Grain Spawn and Mist Irrigation
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Bottom 10% 0 0 3 2 4
Bottom 11-30% 0 0 6 10 3
Middle 40% 1 8 20 6 2
Top 11-30% 4 8 6 1 0
Top 10% 4 3 2 0 0
Top 
10%
Top        
11-30%
Middle 
40%
Bottom 
11-30%
Bottom 
10%
S
p
ra
y
 a
n
d
 B
ag
Grain Spawn Method
Table 3.3 Number of wheat breeding lines distributed between 
the specified proportions for mean Fusarium head blight (FHB) 
index for plots using two different inoculation methods to 
evaluate FHB resistance in wheat, 2008.
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Severity
FHB 
index
Incidence Severity
FHB 
index
Incidence Severity
FHB 
index
Incidence
0.19 
0.0352
0.48 
<.0001
0.14     
N.S.
¶
0.23  
0.0130
0.23 
0.0106
0.92 
<.0001
0.26 
0.0041
0.45 
<.0001
0.23 
0.0124
0.09     
N.S.
0.15     
N.S.
0.14     
N.S.
0.20  
0.0320
Severity
0.92 
<.0001
- 0.10   
N.S.
0.25  
0.0063
0.24 
0.0095
0.14     
N.S.
0.75  
<.0001
0.69 
<.0001
0.17      
N.S.
0.38 
<.0001
0.37 
<.0001
0.25   
0.0074
0.33   
0.0002
FHB index
- 0.06  
N.S.
0.32  
0.0004
0.31 
0.0006
0.41 
<.0001
0.75 
<.0001
0.77 
<.0001
0.27 
0.0035
0.39 
<.0001
0.41 
<.0001
0.28  
0.0020
0.40 
<.0001
Incidence
0.23  
0.0101
0.31 
0.0006
0.43   
<.0001
0.12 
<.0001
0.19 
0.0348
0.00     
N.S.
0.07      
N.S. 
0.03      
N.S.
0.07       
N.S.
0.10      
N.S.
Severity
0.99 
<.0001
0.30 
0.0009
0.81 
<.0001
0.81 
<.0001
0.42 
<.0001
0.44 
<.0001
0.48 
<.0001
0.24  
0.0079
0.44  
<.0001
FHB index
0.33 
0.0002
0.80 
<.0001
0.81 
<.0001
0.41 
<.0001
.44    
<.0001
0.47 
<.0001
0.24   
0.0079
0.43  
<.0001
Incidence
0.29 
0.0014
0.49 
<.0001
0.22 
0.0166
0.13      
N.S.
0.17      
N.S.
0.16     
N.S. 
0.22 
0.0153
Severity
0.96 
<.0001
0.38 
<.0001
.53   
<.0001
0.55 
<.0001
0.25  
0.0065
0.49  
<.0001
FHB index
0.4     
<.0001
0.51 
<.0001
0.54 
<.0001
0.26   
0.0048
0.50 
<.0001
Incidence
0.57 
<.0001
0.76 
<.0001
0.37  
<.0001
0.80   
<.0001
Severity
0.95 
<.0001
0.47   
<.0001
0.82  
<.0001
FHB index
0.49  
<.0001
0.91  
<.0001
Kernel Qualtiy
0.75 
<.0001
†
Incidence = the percentage of heads with symptoms
‡
Severity =  the percentage of spikelets in a head with symptoms
§
FHB index = (incidence × severity)/100 #Kernel quality =Fusarium damaged kernels percentage
*ISK index = [(0.3 × incidence) + (0.3 × severity) + (0.4 × kernel quality)]
¶
N.S. = Not Significant at α = 0.05
ISK     
index*
Table 3.4 2010 Spearman correlation coefficients and probability values for disease data on wheat breeding lines using two different inoculation methods to 
evaluate Fusarium head blight (FHB) resistance in wheat, N=120.
Grain Spawn and Mist Irrig.
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Brownstown Locations CombinedUrbana
Spray and Bag
Incidence
†
Severity
‡
FHB   
index
§
Kernel 
Quality
#
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Bottom 10% 0 2 2 5 2
Bottom 11-30% 0 3 9 6 6
Middle 40% 4 8 22 9 4
Top 11-30% 4 9 8 3 0
Top 10% 3 2 6 1 0
Bottom 10% 0 1 5 2 3
Bottom 11-30% 0 3 9 8 4
Middle 40% 5 6 22 10 4
Top 11-30% 4 10 7 3 0
Top 10% 2 4 4 1 1
Bottom 10% 0 2 1 4 4
Bottom 11-30% 0 1 13 6 4
Middle 40% 4 11 17 12 3
Top 11-30% 3 7 12 2 0
Top 10% 4 3 4 0 1
Top 
10%
Top       
11-30%
Middle 
40%
Bottom 
11-30%
Bottom 
10%
Grain Spawn Method
Table 3.5 Number of wheat breeding lines distributed between the 
specified proportions for mean Fusarium head blight (FHB) index for 
plots using two different inoculation methods to evaluate FHB 
resistance in wheat, 2010.
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Severity
FHB 
index
Kernel 
Quality
ISK   
index
Incidence
†
Severity
‡
FHB 
index
§
Kernel 
Quality
#
ISK   
index*
Incidence
0.27   
0.0030
0.67  
<.0001
0.49   
<.0001
0.80   
<.0001
0.36    
<.0001
0.30  
0.0008
0.35   
<.0001
0.29   
0.0016
0.37   
<.0001
Severity
0.85   
<.0001
0.24    
0.0086
0.65   
<.0001
0.13      
N.S.
¶
0.31   
0.0007
0.28   
0.0020
0.24   
0.0090
0.26   
0.0038
FHB index
0.44   
<.0001
0.90   
<.0001
0.29   
0.0015
0.38   
<.0001
0.39   
<.0001
0.35   
<.0001
0.40   
<.0001
Kernel Quality
0.74   
<.0001
0.36   
<.0001
0.38   
<.0001
0.49    
<.0001
0.57   
<.0001
0.54   
<.0001
ISK index
0.40   
<.0001
0.46  
<.0001
0.49   
<.0001
0.48  
<.0001
0.53  
<.0001
Incidence
0.57  
<.0001
0.76  
<.0001
0.36   
<.0001
0.80   
<.0001
Severity
0.95  
<.0001
0.48  
<.0001
0.83   
<.0001
FHB index
0.49  
<.0001
0.91  
<.0001
Kernel Quality
0.75   
<.0001
†
Incidence = the percentage of heads with symptoms
‡
Severity =  the percentage of spikelets in a head with symptoms
§
FHB index = (incidence × severity)/100
#
Kernel quality =Fusarium damaged kernels percentage
*ISK index = [(0.3 × incidence) + (0.3 × severity) + (0.4 × kernel quality)]
¶
N.S. = Not Significant at α = 0.05
Table 3.6 Spearman Correlation Coefficients and probability values for disease data on wheat breeding lines in 
2009 and 2010 inoculated by grain spawn to evaluate Fusarium head blight (FHB) resistance in wheat, N=120.
2009 2010
2
0
0
9
2
0
1
0
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Bottom 10% 1 0 5 3 3
Bottom 11-30% 1 2 11 8 2
Middle 40% 3 11 18 11 5
Top 11-30% 4 7 10 1 2
Top 10% 3 4 4 1 0
Top 
10%
Top       
11-30%
Middle 
40%
Bottom
11-30%
Bottom 
10%
2010
2
0
0
9
Table 3.7 Number of wheat breeding lines distributed between 
the specified proportions for mean Fusarium head blight 
(FHB) index for plots inoculated by grain spawn in 2009 and 
2010.
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Incidence, % Severity, %
FHB index,   
(0-100)
No Bag Brownstown
†
46.6 29.8 21.3
Urbana
†
39.4 32 7
2 Location Mean 43 30.9 14.2
Bag Brownstown
†
97.4 60.7 65.4
Urbana
†
90.3 62.8 51.1
2 Location Mean 93.8 61.7 58.2
No Bag vs. Bag
†
(-)50.8**** (-)30.8 (-) 44.0*
Brownstown vs. Urbana
†
7.18*** (-)1.6 16.0****
†
 Best linear unbiased predictors
* significant at 0.1
** significant at 0.05
***significant at 0.01
**** significant at <.0001
Table 3.8  Means and BLUPs
†
 for disease measurements for Fusarium 
head blight resistance in plots with and without a bag placed over 
inoculated wheat heads.
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Figure 3.1 Frequency histograms for Fusarium head blight (FHB) incidence measured at 
Brownstown, IL and Urbana, IL for wheat plots inoculated using the spray and bag 
method. 
 
 
 
 
 
 
 
Brownstown
Urbana
Incidence
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Figure 3.2 Frequency histograms for Fusarium head blight (FHB) severity measured at 
Brownstown, IL and Urbana, IL for wheat plots inoculated using the spray and bag 
method. 
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APPENDIX A 
Figure A.1 Linkage map of chromosome 1B, with associated molecular markers, 
constructed from a wheat recombinant inbred line population from a cross between IL97-
1828 and Clark.  Quantitative trait loci graphs for Type I resistance to Fusarium head 
blight averaged from data collected at Urbana, IL in 2009, Urbana, IL in 2010, and 
Wooster, OH in 2010, with a significant LOD threshold depicted at 3.0.  Distal end of the 
chromosome indicated by an asterisk. 
  
 
 
 
 
 
 
 
 
 
 
 
L
O
D
 V
al
u
e
Distance (cM)
-1
0
1
2
3
4
5
6
0 5 10 15 20 25 30
Urbana 2009
Urbana 2010
Ohio 2010
2 Location Mean 2010
2 Year Urbana Mean
3 Environment Mean
w
P
t-
7
0
9
4
 
w
P
t-
8
2
6
7
w
P
t-
3
4
7
7
w
P
t-
2
7
6
2
w
P
t-
1
1
1
6
w
P
t-
6
6
8
0
6
9
w
P
t-
6
6
6
5
6
4
g
w
m
2
7
3
1B*
 83 
Figure A.2 Linkage map of chromosome 1B, with associated molecular markers, 
constructed from a wheat recombinant inbred line population from a cross between IL97-
1828 and Clark.  Quantitative trait loci graphs for Type II resistance to Fusarium head 
blight averaged from data collected at Urbana, IL in 2009, Urbana, IL in 2010, and 
Wooster, OH in 2010, with a significant LOD threshold depicted at 3.0. Distal end of the 
chromosome indicated by an asterisk. 
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Figure A.3 Linkage map of chromosome 1B, with associated molecular markers, 
constructed from a wheat recombinant inbred line population from a cross between IL97-
1828 and Clark.  Quantitative trait loci graphs for reduction in Fusarium head blight 
(FHB) index ((incidence × severity)/100) averaged from data collected at Urbana, IL in 
2009, Urbana, IL in 2010, and Wooster, OH in 2010, with a significant LOD threshold 
depicted at 3.0. Distal end of the chromosome indicated by an asterisk. 
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Figure A.4 Linkage map of chromosome 1B, with associated molecular markers, 
constructed from a wheat recombinant inbred line population from a cross between IL97-
1828 and Clark.  Quantitative trait loci graphs for reduction in ISK index (a weighted 
disease index incorporating Fusarium head blight incidence, severity, and Fusarium 
damaged kernels (FDK) percentage) averaged from data collected at Urbana, IL in 2009, 
Urbana, IL in 2010, and Wooster, OH in 2010, with a significant LOD threshold depicted 
at 3.0.  Distal end of the chromosome indicated by an asterisk. 
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Figure A.5 Linkage map of chromosome 1A, with associated molecular markers, 
constructed from a wheat recombinant inbred line population from a cross between IL97-
1828 and Clark.  Quantitative trait loci graphs for resistance to Fusarium damaged kernels 
(FDK) percentage averaged from data collected at Urbana, IL in 2009, Urbana, IL in 2010, 
and Wooster, OH in 2010, with a significant LOD threshold depicted at 3.0.  Distal end of 
the chromosome indicated by an asterisk. 
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Figure A.6 Linkage map of chromosome 2B, with associated molecular markers, 
constructed from a wheat recombinant inbred line population from a cross between IL97-
1828 and Clark.  Quantitative trait loci graphs for Type II resistance to Fusarium head 
blight averaged from data collected at Urbana, IL in 2009, Urbana, IL in 2010, and 
Wooster, OH in 2010, with a significant LOD threshold depicted at 3.0.  Distal end of the 
chromosome indicated by an asterisk. 
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Figure A.7 Linkage map of chromosome 2B, with associated molecular markers, 
constructed from a wheat recombinant inbred line population from a cross between IL97-
1828 and Clark.  Quantitative trait loci graphs for reduction in Fusarium head blight 
(FHB) index ((incidence × severity)/100) averaged from data collected at Urbana, IL in 
2009, Urbana, IL in 2010, and Wooster, OH in 2010, with a significant LOD threshold 
depicted at 3.0.  Distal end of the chromosome indicated by an asterisk.  
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Figure A.8 Linkage map of chromosome 2B, with associated molecular markers, 
constructed from a wheat recombinant inbred line population from a cross between IL97-
1828 and Clark.  Quantitative trait loci graphs for resistance to Fusarium damaged kernels 
(FDK) percentage averaged from data collected at Urbana, IL in 2009, Urbana, IL in 2010, 
and Wooster, OH in 2010, with a significant LOD threshold depicted at 3.0.  Distal end of 
the chromosome indicated by an asterisk. 
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Figure A.9 Linkage map of chromosome 2B, with associated molecular markers, 
constructed from a wheat recombinant inbred line population from a cross between IL97-
1828 and Clark.  Quantitative trait loci graphs for reduction in ISK index (a weighted 
disease index incorporating Fusarium head blight incidence, severity, and Fusarium 
damaged kernels (FDK) percentage) averaged from data collected at Urbana, IL in 2009, 
Urbana, IL in 2010, and Wooster, OH in 2010, with a significant LOD threshold depicted 
at 3.0.  Distal end of the chromosome indicated by an asterisk. 
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Figure A.10 Linkage map of chromosome 2B, with associated molecular markers, 
constructed from a wheat recombinant inbred line population from a cross between IL97-
1828 and Clark.  Quantitative trait loci graphs for resistance to Deoxynivalenol (DON) 
concentration averaged from data collected at Urbana, IL in 2009, Urbana, IL in 2010, and 
Wooster, OH in 2010, with a significant LOD threshold depicted at 3.0.  Distal end of the 
chromosome indicated by an asterisk. 
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Figure A.11 Linkage map of chromosome 3Bc, with associated molecular markers, 
constructed from a wheat recombinant inbred line population from a cross between IL97-
1828 and Clark.  Quantitative trait loci graphs for resistance to Fusarium damaged kernels 
(FDK) percentage averaged from data collected at Urbana, IL in 2009, Urbana, IL in 2010, 
and Wooster, OH in 2010, with a significant LOD threshold depicted at 3.0.  Distal end of 
the chromosome indicated by an asterisk. 
 
 
 
 
 
 
 
L
O
D
 V
al
u
e
Distance (cM)
3Bc
b
ar
c1
6
4
b
ar
c1
3
9
w
P
t-
9
1
7
0
w
P
t-
5
1
0
5
w
P
t-
2
5
1
0
w
P
t-
7
0
1
5
w
P
t-
6
6
4
3
9
3
w
P
t-
9
5
7
9
0
0.5
1
1.5
2
2.5
3
3.5
4
4.5
0 5 10 15 20 25 30 35 40 45
Urbana 2009
Urbana 2010
Ohio 2010
2 Location Mean 2010
2 Year Mean Urbana
3 Environment Mean
 93 
Figure A.12 Linkage map of chromosome 3BL, with associated molecular markers, 
constructed from a wheat recombinant inbred line population from a cross between IL97-
1828 and Clark.  Quantitative trait loci graphs for Type II resistance to Fusarium head 
blight averaged from data collected at Urbana, IL in 2009, Urbana, IL in 2010, and 
Wooster, OH in 2010, with a significant LOD threshold depicted at 3.0.  Distal end of the 
chromosome indicated by an asterisk. 
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Figure A.13 Linkage map of chromosome 3BL, with associated molecular markers, 
constructed from a wheat recombinant inbred line population from a cross between IL97-
1828 and Clark.  Quantitative trait loci graphs for reduction in Fusarium head blight 
(FHB) index ((incidence × severity)/100) averaged from data collected at Urbana, IL in 
2009, Urbana, IL in 2010, and Wooster, OH in 2010, with a significant LOD threshold 
depicted at 3.0.  Distal end of the chromosome indicated by an asterisk.  
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Figure A.14 Linkage map of chromosome 3BL, with associated molecular markers, 
constructed from a wheat recombinant inbred line population from a cross between IL97-
1828 and Clark.  Quantitative trait loci graphs for resistance to Fusarium damaged kernels 
(FDK) percentage averaged from data collected at Urbana, IL in 2009, Urbana, IL in 2010, 
and Wooster, OH in 2010, with a significant LOD threshold depicted at 3.0.  Distal end of 
the chromosome indicated by an asterisk. 
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Figure A.15 Linkage map of chromosome 3BL, with associated molecular markers, 
constructed from a wheat recombinant inbred line population from a cross between IL97-
1828 and Clark.  Quantitative trait loci graphs for reduction in ISK index (a weighted 
disease index incorporating Fusarium head blight incidence, severity, and Fusarium 
damaged kernels (FDK) percentage) averaged from data collected at Urbana, IL in 2009, 
Urbana, IL in 2010, and Wooster, OH in 2010, with a significant LOD threshold depicted 
at 3.0.  Distal end of the chromosome indicated by an asterisk. 
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Figure A.16 Linkage map of chromosome 4A, with associated molecular markers, 
constructed from a wheat recombinant inbred line population from a cross between IL97-
1828 and Clark.  Quantitative trait loci graphs for Type II resistance to Fusarium head 
blight averaged from data collected at Urbana, IL in 2009, Urbana, IL in 2010, and 
Wooster, OH in 2010, with a significant LOD threshold depicted at 3.0.  Distal end of the 
chromosome indicated by an asterisk. 
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APPENDIX B 
 
 
 
Incidence Severity FHB index FDK ISK index DON Incidence Severity FHB index FDK ISK index DON Incidence Severity FHB index FDK
Severity 0.52**
FHB index 0.82** 0.89**
FDK 0.60** 0.49** 0.64**
ISK index 0.85** 0.78** 0.93** 0.86**
DON 0.51** 0.36** 0.52** 0.70** 0.65**
Incidence 0.20** 0.13 0.17** 0.14* 0.19** 0.10
Severity 0.25** 0.25** 0.27** 0.14* 0.25** 0.06 0.48**
FHB index 0.26** 0.24** 0.27** 0.16* 0.26** 0.07 0.64** 0.98**
FDK 0.18** 0.17** 0.20** 0.40** 0.29** 0.21** 0.28** 0.47** 0.47**
ISK index 0.26** 0.24** 0.27** 0.30** 0.32** 0.16* 0.60** 0.84** 0.86** 0.84**
DON 0.28** 0.28** 0.32** 0.32** 0.35** 0.54** 0.17** 0.14* 0.15* 0.35** 0.30**
Incidence 0.32** 0.24** 0.32** 0.25** 0.33** 0.25** 0.31** 0.16* 0.21** 0.02 0.15* 0.20**
Severity 0.38** 0.35** 0.42** 0.38** 0.44** 0.37** 0.37** 0.20** 0.26** 0.08 0.22** 0.30** 0.63**
FHB index 0.38** 0.35** 0.42** 0.38** 0.44** 0.37** 0.37** 0.20** 0.25** 0.07 0.21** 0.30** 0.77** 0.98**
FDK 0.41** 0.35** 0.44** 0.49** 0.51** 0.40** 0.14* 0.15* 0.16* 0.21** 0.22** 0.36** 0.46** 0.58** 0.60**
ISK index 0.45** 0.39** 0.48** 0.49** 0.54** 0.43** 0.28** 0.20** 0.23** 0.17** 0.25** 0.37** 0.70** 0.85** 0.87** 0.91**
** Significant at P <.0001
* Significant at an α=.05
FHB Index = (incidence x severity)/100
ISK Index = [(0.3 x incidence) + (0.3 x severity) + (0.4 x FDK)]
Table B.1 Correlation coefficients among Fusarium head blight (FHB) disease measurements of 242 recombinant inbred lines derived from a cross between IL97-1828 and Clark.  Coeffecients 
for incidence, severity, FHB index, Fusarium damaged kernels (FDK) percentage,  ISK index and DON were calculated  from data collected at Urbana, IL in 2009 and 2010, and Wooster, OH in 
2010.  Deoxynivalenol (DON) concentration was obtained only for Urbana.
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Figure B.1 Comparative frequency histogram for Fusarium head blight (FHB) disease 
incidence for 242 wheat recombinant inbred lines developed from a cross between IL97-
1828 and Clark collected at Urbana, IL and Wooster, OH in 2010 
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Figure B.2 Comparative frequency histogram for Fusarium head blight (FHB) disease 
severity for 242 wheat recombinant inbred lines developed from a cross between IL97-1828 
and Clark collected at Urbana, IL and Wooster, OH in 2010 
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Figure B.3 Comparative frequency histogram for Fusarium head blight (FHB) index 
((incidence × severity)/100) for 242 wheat recombinant inbred lines developed from a cross 
between IL97-1828 and Clark collected at Urbana, IL and Wooster, OH in 2010 
 
 
 
 
 
 
 
 
 
 
Urbana, IL 2010
Wooster,OH 2010
FHB index (0-100)
Pe
rc
en
t 
o
f 
lin
e
s
Pe
rc
en
t 
o
f 
lin
e
s
P
er
ce
n
t 
o
f 
li
n
es
P
er
ce
n
t 
o
f 
li
n
es
IL97-1828
Clark
IL97-1828
Clark
 102 
Figure B.4 Comparative frequency histogram for Fusarium damaged kernels (FDK) 
percentage for 242 wheat recombinant inbred lines developed from a cross between IL97-
1828 and Clark collected at Urbana, IL and Wooster, OH in 2010 
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Figure B.5 Comparative frequency histogram for ISK index (a weighted disease index for 
Fusarium head blight calculated from incidence, severity, and FDK percentage) for 242 
wheat recombinant inbred lines developed from a cross between IL97-1828 and Clark 
collected at Urbana, IL and Wooster, OH in 2010.  
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Figure B.6 Scatter plot and linear regression line for Fusarium head blight (FHB) disease 
incidence collected at Urbana, IL and Wooster, OH in 2010 for 242 wheat recombinant 
inbred lines developed from a cross between IL97-1828 and Clark.
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Figure B.7 Scatter plot and linear regression line for Fusarium head blight (FHB) disease 
severity collected at Urbana, IL and Wooster, OH in 2010 for 242 wheat recombinant 
inbred lines developed from a cross between IL97-1828 and Clark.
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Figure B.8 Scatter plot and linear regression line for Fusarium head blight (FHB) index 
((incidence × severity)/100) collected at Urbana, IL and Wooster, OH in 2010 for 242 wheat 
recombinant inbred lines developed from a cross between IL97-1828 and Clark.
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Figure B.9 Scatter plot and linear regression line for Fusarium damaged kernels (FDK) 
percentage collected at Urbana, IL and Wooster, OH in 2010 for 242 wheat recombinant 
inbred lines developed from a cross between IL97-1828 and Clark. 
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 Figure B.10 Scatter plot and linear regression line for ISK index (a weighted disease index 
for Fusarium head blight calculated from incidence, severity, and FDK percentage) 
collected at Urbana, IL and Wooster, OH in 2010 for 242 wheat recombinant inbred lines 
developed from a cross between IL97-1828 and Clark. 
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